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Increases in anthropogenic input of carbon dioxide into the atmosphere have caused widespread 
patterns of ocean warming and ocean acidification. Both processes will likely have major impacts on 
commercial fisheries and aquaculture, with acidification posing a particular threat to many marine 
calcifying invertebrates. In the State of Maine, commercial fisheries landings and a growing aquaculture 
industry have a combined value in excess of $600 million, 75% of which is sustained by marine calcifiers. 
Moreover, the American lobster (Homarus americanus) supports the most economically valuable fishery 
in the Gulf of Maine and Atlantic Canada. Previous research has documented a strong link between 
lobster biology and ocean temperature, but it is unclear how H. americanus will respond to a rapidly 
changing environment. Additionally, previous efforts have focused primarily on the direct effects of a 
changing climate on lobsters (i.e., changes in growth, survival, and calcification), with little emphasis 
placed on the potential for sublethal risk factors (e.g., sub-cellular changes) to impact the population.  
In this dissertation, I explore the effects of increasing ocean temperatures and acidification on H. 
americanus to understand how environmental changes can alter the health and physiology in multiple life 
stages of marine calcifying invertebrates. In Chapter 1, I introduce the global patterns and effects of 
climate change on marine calcifiers and review the current state of knowledge of my study species. In 
 
 
Chapter 2, I discuss how exposure to warming conditions impacts larval development, with a focus on 
potential trade-offs between enhanced growth and developmental instability. In Chapter 3, I continue to 
explore the sublethal impacts of warming on larval lobsters by examining changes in gene expression 
patterns in postlarvae exposed to varying temperatures during development. Chapter 4 explores how 
short-term exposure to acidified conditions impacts subadult (50 – 65 mm carapace length) lobster 
thermal physiology, hemolymph chemistry, and stress levels, a relatively understudied yet crucial life 
history stage. Finally, Chapter 5 summarizes the overarching themes of the dissertation, and concludes by 






 There are a number of people who supported my research efforts while at the University of Maine. 
First, I am extremely grateful to my advisor, Heather Hamlin, for her continuous support and 
encouragement. Although it can be difficult, she has inspired me to always be a “doer” and to not let 
others distract me from my goals. I also thank my advisory committee, Damian Brady, Nishad 
Jayasundara, Paul Rawson, and Robert Bayer, as their thoughtful comments and feedback have pushed 
me to think deeper about my research. They also shared equipment, techniques, and analytical tools with 
me that have helped me to grow immensely as a researcher. I am also grateful for the continuous support 
of Rebecca Van Beneden who has provided guidance and encouragement throughout my time at the 
University.  
 I also thank my colleagues of the Aquaculture Research Institute and the Aquaculture Research 
Center (ARC). Robert Harrington, Neil Greenberg, and Grant Dickey assisted in the design and 
maintenance of my various experimental systems at the ARC, and they were instrumental in getting our 
ocean acidification lab up-and-running. I thank Deborah Bouchard and Scarlett Tudor for their help in 
data collection, animal husbandry, and the training of various students in laboratory techniques.  
 There were a number of undergraduate students who helped in the collection of data and animal 
husbandry, including Makaila Kowalsky, Grace Weise, Helen Reese, Emily Tarr, Rebecca Lopez-Anido, 
Brianna DeSoto, and Charly Yocius. Meghan Capps, LeeAnne Thayer, and Sarah Conlin also assisted in 
rearing efforts of larvae prior to my arrival in the lab. 
 I thank Katherine Thompson of the Maine Department of Marine Resources for the collection of 
animals, and Meredith White and Bill Mook of Mook Sea Farm for assistance in protocol development. I 
also thank Benjamin King of the University of Maine and Fraser Clark of Dalhousie University for their 
assistance in the transcriptomic analyses. I am particularly grateful to Fraser for his expertise in 




 This dissertation was supported by various funding sources, including federal funds under award # 
NA14NMF4270031 from the National Oceanic and Atmospheric Administration, U.S. Department of 
Commerce, Saltonstall Kennedy program; the National Science Foundation award IIA-1355457 to Maine 
EPSCoR at the University of Maine; the USDA National Institute of Food and Agriculture Hatch project 
MEO21811 to Dr. Hamlin; and University of Maine System Research Reinvestment Funds.  
 Finally, I thank my family for their support, especially my husband, Robert Harrington, whose 











TABLE OF CONTENTS 
ACKNOWLEDGEMENTS ......................................................................................................................... iii 
LIST OF TABLES ..................................................................................................................................... viii 
LIST OF FIGURES ...................................................................................................................................... ix  
Chapter 
1.     INTRODUCTION ................................................................................................................................. 1 
1.1. Ocean Warming and Acidification .............................................................................................. 1 
1.2. Life History of the American Lobster ......................................................................................... 4 
1.3. Lobsters and Climate Change ...................................................................................................... 6 
2.     EFFECTS OF TEMPERATURE ON LARVAL AMERICAN LOBSTER (HOMARUS 
AMERICANUS): IS THERE A TRADE-OFF BETWEEN GROWTH AND                
DEVELOPMENTAL STABILITY? ............................................................................................................. 9 
2.1. Chapter Abstract .......................................................................................................................... 9 
2.2. Introduction ................................................................................................................................. 9 
2.3. Materials and Methods .............................................................................................................. 11 
2.3.1. Study Species .............................................................................................................. 11 
2.3.2. Larval Rearing ............................................................................................................. 11 
2.3.3. Biological Endpoints ................................................................................................... 12 
2.3.4. Morphometric Analyses .............................................................................................. 13 
2.3.5. Total Hemocyte Counts ............................................................................................... 14 
2.3.6. Statistical Analyses ...................................................................................................... 14 
2.4. Results ....................................................................................................................................... 15 





3.     EFFECTS OF TEMPERATURE ON THE POSTLARVAL AMERICAN LOBSTER 
TRANSCRIPTOME .................................................................................................................................... 27 
3.1. Chapter Abstract ........................................................................................................................ 27 
3.2. Introduction ............................................................................................................................... 27 
3.3. Materials and Methods .............................................................................................................. 30 
3.3.1. Larval Rearing ............................................................................................................. 30 
3.3.2. Sample Preservation and RNA Extraction .................................................................. 31 
3.3.3. Library Preparation and de novo Transcriptome Assembly ........................................ 31 
3.3.4. Annotation and Pathway Analysis .............................................................................. 32 
3.4. Results ....................................................................................................................................... 33 
3.4.1. Transcriptome Assembly and Annotation ................................................................... 33 
3.4.2. Differential Expression ................................................................................................ 35 
3.4.3. Top 100 DE Transcripts .............................................................................................. 39 
3.4.3.1. Comparison of Postlarvae Reared at 16°C vs. 22°C ....................................... 39 
3.4.3.2. Comparison of Postlarvae Reared at 16°C vs. 18°C ....................................... 52 
3.4.3.3. Comparison of Postlarvae Reared at 18°C vs. 22°C ....................................... 55 
3.5. Discussion ................................................................................................................................. 58 
3.5.1. Compromised Innate Immunity ................................................................................... 58 
3.5.2. Elevated Energetic Demands ....................................................................................... 60 
3.5.3. Caveats ........................................................................................................................ 62 
3.5.4. Concluding Remarks ................................................................................................... 63 
4.     OCEAN ACIDIFICATION ALTERS THERMAL CARDIAC PERFORMANCE,         
HEMOCYTE ABUNDANCE, AND HEMOLYMPH CHEMISTRY IN SUBADULT             
AMERICAN LOBSTERS HOMARUS AMERICANUS H. MILNE EDWARDS, 1837          
(DECAPODA: MALCOSTRACA: NEPHROPIDAE) .............................................................................. 64 




4.2. Introduction ............................................................................................................................... 64 
4.3. Materials and Methods .............................................................................................................. 68 
4.3.1. Experimental Setup ..................................................................................................... 68 
4.3.2. Biological Assays ........................................................................................................ 70 
4.3.3. Total Hemocyte Counts ............................................................................................... 72 
4.3.4. Cardiac Performance ................................................................................................... 72 
4.3.5. Statistical Analyses ...................................................................................................... 73 
4.4. Results ....................................................................................................................................... 73 
4.5. Discussion ................................................................................................................................. 76 
5.     CONCLUSION ................................................................................................................................... 82 
5.1. Overarching Goals ..................................................................................................................... 82 
5.2. Statement of Major Findings ..................................................................................................... 82 
5.3. Future Directions ....................................................................................................................... 84 
5.4. Concluding Remarks ................................................................................................................. 86 
REFERENCES ............................................................................................................................................ 88 
APPENDIX: CHAPTER 3 SUPPLEMENTARY DATA ........................................................................ 105 





LIST OF TABLES 
Table 2.1. Results of GLMs for the effects of year and nominal temperature on time                            
to stage II (A), time to stage III (B), and time to stage IV (C) ................................ 16 
Table 3.1. Top twenty Gene Ontology (GO) terms affiliated with the greatest                              
number of transcripts ............................................................................................... 34 
Table 3.2. Number of differentially expressed (DE; adjusted p-value ≤ 0.05)                           
transcripts over- and under-expressed in each temperature comparison                           
using both DESeq2 (A) and edgeR (B) analyses .................................................... 35 
Table 3.3. Top ten Gene Ontology (GO) terms affiliated with the greatest number                                
of differentially expressed (DE; adjusted p-value ≤ 0.05) transcripts by                    
treatment comparison .............................................................................................. 40 
Table 3.4. List of genes of interest (GOIs) that correspond to transcripts that were                          
over- (A) or under-expressed (B) in all treatment comparisons .............................. 47 
Table 4.1. Water chemistry in tanks over the course of the experiment (mean ± SE) ............. 70 
Table A.1.  Supplemental information for the top 100 differentially expressed (DE)                    






LIST OF FIGURES 
Figure 2.1. Example image used for morphometric analyses of a stage IV larva ...................... 13 
Figure 2.2. Mean (+ SE) time to stage II (A), stage III (B), and stage IV (C) for                                
larvae reared under different nominal temperatures for 2016 and 2017                               
data combined ........................................................................................................... 17 
Figure 2.3. Mean (+ SE) cumulative survival for larvae reared under different                               
nominal temperatures in 2016 (A) and 2017 (B) ...................................................... 19 
Figure 2.4. Mean (+ SE) total hemocyte count (THC) for larvae reared under different                  
nominal temperatures in 2017 .................................................................................. 20 
Figure 2.5. Boxplots depicting the midline asymmetry for 2016 and 2017 data combined ....... 21 
Figure 3.1. Volcano plots for expression of transcripts identified using DESeq2 in the                       
16°C vs. 22°C (A), the 16°C vs. 18°C (B), and the 18°C vs. 22°C (C)                  
comparisons. ............................................................................................................. 36 
Figure 3.2. Venn diagram of all differentially expressed (DE; adjusted p-value ≤ 0.05)               
transcripts identified by DESeq2 in the various temperature treatment                 
comparisons .............................................................................................................. 37 
Figure 3.3. Venn diagrams of all differentially expressed (DE; adjusted p-value ≤ 0.05)            
transcripts identified by DESeq2 and edgeR for the 16°C vs. 22°C                         
comparison (A) and 16°C vs. 18°C comparison (B) ................................................ 38 
Figure 3.4. Word clouds of top 10 GO terms generated by Blast2GO for the                                       
16°C vs. 22°C comparison. ...................................................................................... 42 
Figure 3.5. InterProScan protein domains associated with differentially expressed                     
transcripts of the 16°C vs. 22°C comparison ............................................................ 44 
Figure 3.6. Expression levels (log2 Fold Change) of genes of interest unique to the                            




Figure 3.7. InterProScan protein domains associated with transcripts that were over-                   
expressed (A) and under-expressed (B) in postlarvae reared at 16°C                               
relative to 18°C ......................................................................................................... 53 
Figure 3.8. Expression levels (log2 Fold Change) of genes of interest unique to the                             
16°C vs. 18°C treatment comparison ....................................................................... 54 
Figure 3.9. InterProScan protein domains associated with transcripts that were over-                     
expressed (A) and under-expressed (B) in postlarvae reared at 18°C                              
relative to 22°C. ........................................................................................................ 56 
Figure 3.10. Expression levels (log2 Fold Change) of genes of interest identified the                              
18°C vs. 22°C treatment comparison. ...................................................................... 57 
Figure 4.1. Biological assays of the hemolymph of subadult Homarus americanus                      
following exposure to acidified (black) or control (white) pH conditions                    
depicted as mean + SE .............................................................................................. 75 
Figure 4.2. Mean heart rate (±SE) for Homarus americanus in the acidified (black                         
circles) and control (white circles) treatments over the temperature ramp                             






1.1. Ocean Warming and Acidification   
Increases in anthropogenic input of carbon dioxide into the atmosphere from the mid-20th 
century onward have resulted in global changes in climatic conditions, including widespread patterns of 
ocean warming and ocean acidification (IPCC, 2013). Global ocean surface temperatures have increased 
by 0.11°C per decade from 1971 – 2010, and the pH of surface ocean waters has decreased (i.e., become 
more acidic) by 0.1 units since the beginning of the Industrial Revolution (IPCC, 2013). Temperatures 
across the world’s oceans are increasing rapidly (Reid and Beauguard, 2012), and some of the most 
accelerated rates of warming are occurring in the Northwest Atlantic (Sherman et al., 2009; Taboada and 
Anadón, 2012; Pershing et al., 2015). For example, the Gulf of Maine (GoM) region is warming at a rate 
of 0.4°C per decade (Thomas et al., 2017), which is faster than 99% of the global oceans (Pershing et al. 
2015). Moreover, the frequency of occurrence of extreme temperature events has increased over the 
second half of the 20th century (Hansen et al., 2012; Smale et al., 2019). Most recently, the 2012 ocean 
heat wave was the largest and most intense warming event recorded over the last 30 years in the 
Northwest Atlantic (Mills et al., 2013). This heat wave resulted in sea surface temperatures that were at 
least 1.1°C above the 1950 – 2014 climatology for the Northwest Atlantic, and greater than 3°C above the 
climatological record for the GoM (Mills et al., 2013; Scannell et al., 2016). Bottom water (100 – 200 m) 
temperatures in the region were also elevated following the 2012 ocean heat wave, but it is unclear if this 
was an anomaly, or reflective of a more drastic warming trend, due to a paucity of deep-water sampling 
(Koopman et al., 2014). 
Since many organisms native to the GoM are considered cold-water species, their growth, 
survival, and distribution are expected to be directly impacted by ocean warming. For instance, the GoM 
is the southern limit of the northern shrimp (Pandalus borealis), and warming conditions hinder pelagic 




hatching success of the dominant copepod of the GoM, Calanus finmarchicus, is significantly reduced at 
temperatures above 22°C, and eggs produced by GoM copepods are less heat tolerant than those collected 
from more southern latitudes (Preziosi and Runge, 2014). Ocean warming may also indirectly affect the 
species of the GoM by altering species distributions (Lucey and Nye, 2010; Kleisner et al., 2016). Species 
associated with deep-water habitats are moving deeper to track cooler bottom water temperatures, but 
shallow-water species are generally moving into shallower areas (Kleisner et al., 2016). Warming can 
therefore drastically alter the community composition of native species within the GoM, while allowing 
non-native warm-water species to expand into the region (e.g., black sea bass, tile fish, trigger fish: Nye et 
al., 2009; Lucey and Nye, 2010; Kleisner et al., 2016). 
Underlying these drastic region-wide warming trends is a natural and steep latitudinal thermal 
gradient along coast of New England and Atlantic Canada that creates sharp along-shore environmental 
gradients in the coastal waters of the GoM (Longhurst, 1998). Research in other study systems suggests 
that species may compensate for stressors along similar environmental gradients through alterations in life 
history traits, behaviors, and/or physiological responses via co- or counter-gradient adaptation (Conover 
and Schultz, 1995). For instance, in the genera Chlorostoma (formerly Tegula – marine snails), 
Petrolisthes (porcelain crabs), and Mytilus (blue mussels), species that occupy more thermally stressful 
(warmer) environments generally exhibit a greater thermal tolerance compared to colder-water congeners 
(Tomanek and Somero, 1999; Stillman and Somero, 2000; Braby and Somero, 2006). Cold-water species 
also demonstrate less plasticity in their response to thermal stress compared to warm-water congeners 
(Tomanek, 2002), which may play a role in setting species’ distribution limits. Counter-gradient variation 
and adaptation have been examined in some marine invertebrates of the GoM (e.g., the salt marsh fiddler 
crab, Uca pugnax – Sanford et al., 2006; the invasive green crab, Carcinus maenas – Tepolt and Somero, 
2014), but the complexity associated with the abiotic environment in the region make it difficult to 
construct generalities. It is also unclear if the biota of the GoM will be able to use these adaptive means to 




Coinciding with global ocean warming is the ongoing reduction in the pH of the world’s oceans, 
ocean acidification (OA), which is caused primarily through the uptake of carbon dioxide from the 
atmosphere (IPCC, 2013). As carbon dioxide dissolves in the ocean, it reacts with water to form carbonic 
acid (H2CO3), which can then disassociate into bicarbonate (HCO3-), carbonate (CO32-), and hydrogen 
(H+) ions. The increase in the concentration of H+ reduces pH, causing surface waters to become more 
acidic. OA also reduces the saturation state of seawater with respect to aragonite, high-magnesium calcite, 
and low-magnesium calcite, carbonate minerals used to construct hard parts in marine calcifying 
invertebrates, through the alteration in the concentration of carbonate ions (Ries et al., 2011). Decreases 
in both seawater pH and carbonate mineral saturation state play a role in reducing organismal 
calcification rates, although there is still much debate in the literature as to which process is the main 
driver (see Cryonak at al., 2016a, 2016b; Waldbusser et al., 2016). However, OA has been linked to direct 
negative effects on marine calcifying organisms, including reduced growth and calcification, and may 
also result in reduced reproductive output and ultimately death (Kroeker et al., 2010; Browman, 2016). 
OA may also disrupt olfaction (Kim et al., 2016), behavior (Dissanayake and Ishimatsu, 2011), internal 
chemistry (Dissanayake et al., 2010), immune response (Wang et al., 2016), and energy allocation (Pan et 
al., 2015) in a number of species. Waters off of New England and Nova Scotia are particularly at risk for 
acidification due to the region’s low buffering capacity resulting from high freshwater input and low 
temperatures, which dilutes both alkalinity and dissolved inorganic carbon (Gledhill et al., 2015). 
Ongoing research by the Northeast Coastal Acidification Network (NECAN) has identified regions where 
high nutrient and freshwater inputs create corrosive plumes of water capable of not only reducing 
calcification rates and destroying shells of organisms, but also of producing high rates of productivity that 
result in a buildup of carbon dioxide (Gledhill et al., 2015). However, the full local and global 
consequences of acidification are as of yet unknown (Browman, 2016), and inconsistent trends across 
taxa (Hendriks et al., 2010; Whiteley, 2011; Kroeker et al., 2013; Wittmann and Pörtner, 2013; 
Przeslawski et al., 2015), as well as ontogeny (Ceballos-Osuna et al., 2013; Small et al., 2015, 2016; 




1.2. Life History of the American Lobster 
The American lobster (Homarus americanus) is an omnivorous, nocturnal forager that inhabits 
the waters off the Atlantic Coast of North America from Newfoundland, Canada, in the north, to North 
Carolina, USA, in the south (Herrick, 1911). Although known to dwell in hard-bottom habitat ranging 
from the sublittoral to a depth of 480 m, H. americanus is most common at depths between 4 – 50 m 
(Holthius, 1991). Generally, H. americanus resides singly within shelters; however, cohabitation does 
occur during the act of mating (Karnofsky et al., 1989). During this process, a premolt female selects a 
male to mate with and performs a number of pheromone-mediated, ritualistic behaviors within his shelter 
to form a pair bond (Atema et al., 1979). Within a few hours (but up to days), the female molts and the 
male deposits a spermatophore into a receptacle on the female’s soft body (Atema and Cobb, 1980). 
When ready to spawn, the female releases as many as 10,000 eggs from her ovaries, which are fertilized 
as they pass through the sperm receptacle before they are extruded onto her abdomen. She then carries her 
fertilized eggs using her pleopods for 10 – 11 months (Holthius, 1991). During this brooding period, 
females exhibit a seasonal migration from shallow (< 20 m depth) waters in the summer and fall, to 
deeper (> 200 m) waters in the winter and spring to maximize egg development (Campbell, 1986). 
Females then return to warm, shallow water to release their eggs where their offspring begin a complex 
life cycle comprised of various phases (further subdivided into stages: Lavalli and Lawton, 1996). The 
naupliar larval stage, a characteristic of crustaceans, is passed within the egg of a lobster and the form that 
is released is considered a prelarva. Hatching of eggs typically occurs at night in successive “batches” 
over the course of 15 – 31 days, with up to 1,950 prelarvae released per event (Ennis, 1975). The 
prelarval form quickly molts into the first of three pelagic larval stages (Stage I), all of which pass over a 
period of several weeks. All three larval stages are similar in morphology and behavior in that they are 
transparent with highly setose appendages; incapable of swimming with directed movements; and have a 
voracious appetite, preying upon larval forms of other species, fish eggs, and other lobster larvae 
(Herrick, 1911). It is not until a larva molts from the third stage (Stage III) to the postlarval (PL) phase 




In contrast to the larval phase, the PL phase is able to swim with clear direction and speed (Cobb 
et al., 1989). Postlarvae are negatively phototactic and spend less time at the surface as they swim down 
to the benthos (Herrick, 1911). As such, the PL phase marks the point of transition, or settlement, from 
the pelagic to the benthic realm in the life history of the American lobster (Lavalli and Lawton, 1996). 
Postlarvae are 4 – 5 mm carapace length (CL) in size (Lavalli and Lawton, 1996), making them 
vulnerable to intense predation pressure from crabs, shrimps, and fishes during and shortly after 
settlement (Wahle and Steneck, 1992; Sigurdsson and Rochette, 2013). Upon transitioning to the benthos, 
PL must find adequate shelter to enhance survival; however, not all habitat types provide sufficient 
protection. Although capable of burrowing into bare sediment (Herrick, 1911), settling in this habitat type 
only affords PL protection from non-burrowing predators (e.g., cunner Tautogolabrus adspersus). In 
contrast, rocky substrate with abundant crevices provides a refuge from both burrowing (e.g., mud crab 
Neopanope texani) and non-burrowing predators (Lavalli and Barshaw, 1986). Postlarvae are therefore 
highly substrate-specific, most often settling in cobble beds over bare sediment, a behavior that 
significantly reduces post-settlement mortality (Palma et al., 1998). 
 Once a PL settles and makes the transition to the benthos, it enters the juvenile phase. This phase 
is broken up into three stages, which are designated based on lobster size and behavior: 1) the shelter-
restricted stage (5 – 14 mm CL, marked by a cryptic existence); 2) the emergent stage (15 – 25 mm CL, 
marked by limited movement outside of shelter); and 3) the vagile stage (25 – 50 mm CL, marked by 
aggressive behavior and increased foraging away from shelter; Wahle 1992; Wahle and Steneck, 1992; 
Lavalli and Lawton, 1996). Even up to its vagile juvenile stage, H. americanus is at risk of predation by a 
variety of demersal fishes and crabs (Wahle and Steneck 1992; Wahle et al. 2013). However, the risk of 
predation greatly decreases with increasing body size, and lobsters ³ 60 mm CL are essentially immune to 
predators in areas where large-bodied fishes are rare (e.g., coastal, inshore locations – Wahle and Steneck, 
1992). This size refuge from predators is obtained somewhere between the final two phases in the life 
history of the American lobster, the adolescent and adult phases (Lavalli and Lawton, 1996). The 




oogenesis and spermatogenesis occur in females and males, respectively), but not functional maturity. 
Functional maturity, or successful mating, marks the transition into the final, adult phase, which occurs 
when lobsters are > 50 mm CL (Lavalli and Lawton 1996). Subadult and adult lobsters have similar 
behavioral patterns, foraging at night and returning to shelter at dawn (Lavalli and Lawton 1996). 
Today, only the smallest life stages are vulnerable to predators; however, historically, even adult 
lobsters were prey for a suite of demersal fishes, including cod Gadus morhua, pollock Pollachius virens, 
striped bass Morone saxatalis, sea bass Centropristis striata, and others. However, the extirpation of 
many groundfish released the larger size classes from predation pressure by demersal fishes, effectively 
restructuring the community composition. This relaxation in predation risk allowed lobster populations to 
greatly increase in abundance and resulted in drastic behavioral changes. Where groundfish have been 
depleted, the number of lobsters utilizing non-shelter providing habitat has increased (Hovel and Wahle, 
2010; Wahle et al., 2013), and lobsters are able to obtain a size refuge from predators at a significantly 
smaller size (Wahle et al., 2013). Additionally, where lobster densities are high, cannibalism of small 
lobsters by larger conspecifics may act as a density-dependent population regulation mechanism 
(Oppenheim and Wahle, 2013).  
1.3. Lobsters and Climate Change  
The American lobster has a rich history as a fishery species. Total annual landings have 
fluctuated over time, but today H. americanus supports the most economically valuable fishery in the 
Gulf of Maine and Atlantic Canada (Steneck et al., 2011). Moreover, the fishery has managed to persist 
despite intense harvesting pressure over the last century, and it sustains higher landings today than ever 
before (Steneck and Wahle, 2013). Valued at >$400 million, more than 80% of all seafood harvested in 
the State of Maine comes from the lobster fishery, the perturbation of which could result in disastrous 
economic impacts (Steneck et al., 2011; Maine DMR, 2019). For example, the 2012 warming event 
induced earlier molting and migration of lobsters, triggering the onset of an early spring fishing season in 
the GoM. This resulted in an unexpected increase in lobster landings and a glut of USA lobster landings 




precipitated a historic drop in the price of lobster and caused an economic crisis in the fishery (Mills et 
al., 2013).  
Homarus americanus has a preferred thermal niche of 16.5 ± 4°C (Crossin et al., 1998), although 
waters spanning its geographic distribution vary along a 25°C gradient and result in variation in growth 
rate, age/size at maturity, morphology, and body size across the species’ range (Factor, 1995; Wahle et 
al., 2013). Individuals may benefit from warmer temperatures via enhanced growth rates (Hadley, 1906), 
and those acclimated to temperatures > 20°C exhibit greater thermal tolerance, and thus greater 
survivability, at higher temperatures (Camacho et al., 2006). However, warm acclimation does not alter 
the maximum temperature lobsters can tolerate (Camacho et al., 2006), and prolonged exposure to 
temperatures outside of the preferred thermal range could lead to physiological stress, including erratic 
cardiac performance and gill ventilation rate (Mercaldo-Allen and Thurberg, 1987) and compromised 
function of the immune response (Dove et al., 2005). Moreover, warming events have been linked to mass 
mortality events and the spread of a shell disease epizootic across the southern extent of the species’ 
range (Pearce and Balcom, 2005; Wahle et al., 2009). 
Previous research exploring single-factor effects of climate change on the larval stages of H. 
americanus has demonstrated that exposure to acidified conditions reduces the growth rate, hinders 
development, and reduces survival (Keppel et al., 2012), and that exposure to warmer temperatures 
enhances development while increasing survival (MacKenzie, 1988; Barret et al., 2017). However, the 
combined effects of OA and warming produce drastically different results, suggesting no effect of OA on 
growth or survival, but significant reductions in survival while increasing oxygen demand under warming 
conditions (Waller et al., 2017). Due to its use of high-magnesium calcite, which is more soluble under 
acidified conditions, it is likely that OA will not negatively impact calcification rates in adult forms (Ries 
et al., 2009, 2011). However, previous efforts have failed to address the impacts of OA on the subadult 
(or adolescent) phase and have largely ignored potential sublethal risk factors of climate change in favor 
of addressing direct impacts. Therefore, to gain a better understanding of how ocean warming and 




examine the effects of ocean warming on the physiology, developmental stability, and gene expression of 
larval lobsters; and 2) to explore how short-term exposure to acidified conditions affects subadult lobster 
thermal physiology, hemolymph chemistry, and overall stress level. By addressing multiple factors and 
their impacts across two distinct life history stages, the overarching goal of this dissertation is to utilize 






EFFECTS OF TEMPERATURE ON LARVAL AMERICAN LOBSTER (HOMARUS 
AMERICANUS): IS THERE A TRADE-OFF BETWEEN GROWTH RATE AND 
DEVELOPMENTAL STABILITY? 
2.1. Chapter Abstract  
The American lobster supports the most economically valuable fishery in the Gulf of Maine and Atlantic 
Canada. Across much of its range, ocean temperatures have increased at rates faster than almost anywhere 
in the world. Studies of warming effects on larvae have largely focused on survival and development, but 
rarely have examined sublethal effects that could influence settlement and subsequent recruitment to the 
fishery. We explored how warming influences rate of development, survival, stress, and developmental 
stability of larval lobsters reared under four nominal temperatures: 14, 16, 18, and 22°C. Our study is the 
first to evaluate the use of fluctuating asymmetry as a biomarker for developmental instability in larval 
American lobster. We also recorded total hemocyte counts in postlarvae as an indicator of stress, a novel 
technique for work in larval lobster. Development proceeded significantly faster as temperature increased, 
and cumulative survival was significantly positively correlated with temperature. However, postlarvae 
reared under temperature extremes exhibited elevated hemocyte counts and had significantly lower levels 
of variance in midline asymmetry compared to intermediate temperature groups. Together, this suggests 
that warmer temperatures may facilitate faster growth at the expense of increased physiological stress and 
a loss of genetic diversity, potentially affecting the species’ ability to adapt to changing environmental 
conditions. Fluctuating asymmetry could prove to be a useful bioindicator for population resilience. 
2.2. Introduction 
Temperatures in the world’s oceans are increasing rapidly (Reid and Beauguard, 2012; IPCC, 
2013), and some of the most accelerated rates of warming are occurring in the Northwest Atlantic 
(Sherman et al., 2009; Taboada and Anadón, 2012; Pershing et al., 2015). The Gulf of Maine region, for 
example, is warming at a rate of 0.4°C per decade (Thomas et al., 2017), which is faster than 99% of the 




are a vital part of the marine ecosystem throughout the Northeastern United States and Canada (Holthuis, 
1991). American lobsters have a preferred thermal niche of 16.5 ± 4°C (Crossin et al., 1998), although 
waters spanning its geographic distribution vary along a 25°C gradient, producing variation in growth 
rate, age/size at maturity, morphology, and body size across the species’ range (Factor, 1995; Wahle et 
al., 2013).  
The American lobster sustains the most economically valuable fishery in the Gulf of Maine and 
Atlantic Canada (Steneck et al., 2011), and this industry is valued in excess of two billion dollars (FAO, 
2017). Lobster populations in Southern New England experienced a collapse more than ten years ago, 
which was coincident with elevated ocean temperatures and the emergence of epizootic lobster shell 
disease (Pearce and Balcom, 2005; Wahle et al., 2009). The severity of the recent rate of temperature 
increase in the lobsters’ geographical region has raised concern regarding the consequences of elevated 
temperatures, particularly sublethal effects that could contribute to stress and disease susceptibly. 
Previous research exploring the sublethal effects of temperature on American lobsters has focused 
primarily on benthic adults, and a number of these studies have explored changes in total hemocyte 
counts (THCs) and altered biochemical function as metrics of stress and immune health (Battison et al., 
2003; Dove et al., 2005; Battison, 2006). Hemocytes are cells that are carried in the hemolymph and 
attack foreign invaders through phagocytosis and other mechanisms (Martin and Hose, 1995; Babcock et 
al., 2008). Studies on larval lobster stages have generally examined the direct effects of temperature on 
survival, rates of development, molting, and hatching success, but the effects of temperature on THCs 
have yet to be assessed in larvae (see Quinn, 2017 for recent review).  
Although not yet explored in lobsters, fluctuating asymmetry (FA) is a metric that has been used 
in many taxa to assess developmental stability and is defined as random deviations of bilateral traits from 
perfect symmetry due to subtle variations in the developmental environment (Palmer and Strobeck, 2003). 
Both genetic and environmental stressors have been linked to elevated FA, including pesticides, 
parasitism, metals contamination, and suboptimal temperatures (see Polak, 2003 and Beasley et al., 2013 




FA in developing larval fruit flies (Drosophila melanogaster and D. buzzatii – Imasheva et al., 1997), 
juvenile mussels (Mytilus edulis – Nishizaki et al., 2015), and adult isopods (Asellus aquaticus Linn. – 
Savage and Hogarth, 1999). Further, some studies have shown correlations between FA, parasitism, and 
disease susceptibility (Rantala et al., 2004; Møller, 2006; Thornhill and Gangestad, 2006; Morris et al., 
2016). Although elevated temperatures may increase growth rate and survival in larval lobsters (e.g., 
MacKenzie, 1988; Barret et al., 2017), there may be consequences to rapid growth and FA could be a 
novel metric to highlight potential risks to this important species. This study seeks to examine the effects 
of temperature on survival, growth, hemocyte abundance, and FA to increase our understanding of the 
possible impacts of increasing temperatures on the health of larval lobsters. 
2.3. Materials and Methods 
2.3.1. Study Species 
The American lobster inhabits hard-bottom substrate at depths commonly between 4 – 50 m 
along the Atlantic Coast of North America from Newfoundland, Canada, to North Carolina, USA 
(Herrick, 1911; Holthuis, 1991). Females can produce up to 10,000 eggs, which hatch in the shallows (< 
20 m depth) during the summer months. Newly hatched lobsters proceed through three, pelagic larval 
stages (I-III) before molting into the final, postlarval (IV) stage. Unlike the three larval stages, postlarvae 
can swim with clear direction and speed (Cobb et al., 1989) and are negatively phototactic, spending less 
time at the surface as they swim down to the benthos (Herrick, 1911). As such, stage IV marks the point 
of transition, or settlement, from the pelagic to the benthic realm in the life history of the American 
lobster (Lavalli and Lawton, 1996). 
2.3.2. Larval Rearing 
In the summers of 2016 and 2017, egg-bearing females were collected by the Maine Department 
of Marine Resources (ME DMR) Ventless Trap Survey and delivered to the University of Maine’s 
Aquaculture Research Center (ARC) in Orono, ME. Females were housed individually in bins (36 cm 
wide x 54 cm long x 28 cm deep) within several recirculating seawater systems. Artificial seawater was 




maintained at 16°C to provide the optimal egg-development environment (Factor, 1995). Females were 
observed every 10 hours for newly-hatched larvae. Upon hatch, larvae were carefully removed from bins 
and counted. Larvae were then evenly distributed among four temperature treatments selected to span the 
steep latitudinal thermal gradient encountered across the species’ range (Factor, 1995): 14, 16, 18, and 
22°C. Pilot efforts to rear larvae at colder temperatures (i.e., < 12°C) produced too few postlarvae for 
analyses, thus precluding them from subsequent experiments.  
We used four recirculating seawater systems (one for each temperature treatment) that consisted 
of a 227 L header tank, four 75 L replicate experimental tanks, a 114 L sump, and a 65 L biofilter. We 
held between 10 – 12 females at a time, and experimental tanks were stocked with larvae from at least 
three different females. Importantly, we did not continue to stock any individual tank for more than 48 
hours to reduce size differentiation among larvae, and larvae from each female were spread equally 
among the treatments to account for genetic differences. Depending on the number of larvae available 
during stocking, larval densities ranged from 3.5 – 14 larvae per L in experimental tanks. Larval tanks 
were highly aerated and lobsters were fed live Artemia spp. (Grade A Brine Shrimp Eggs, Brine Shrimp 
Direct, Inc., Ogden, Utah) twice a day at a density of 12 ml-1 to prevent cannibalism. Dissolved oxygen 
content, temperature, and salinity of the experimental tanks were monitored daily, and water quality was 
assessed weekly. The pH of each system was also assessed bi-weekly and maintained at 8.1 using Kent 
Marine Superbuffer-dKHTM. 
2.3.3. Biological Endpoints 
To assess development, a subset of 20 individual larvae was carefully netted and removed from 
each tank daily and staged using a Unitron® Z850 Zoom Stereo Microscope. Stage II larvae were 
distinguished from stage I larvae by the presence of pleopods on the abdomen; stage III larvae were 
distinguished by the enlargement of the claws and the presence of uropods on either side of the telson; 
and stage IV (postlarvae) were identified by well-defined and extended claws and a more typical lobster 
morphology (Herrick, 1895; Factor, 1995). Progression through these stages was determined as the date 




larvae were returned to experimental tanks following stage assessment. Cumulative survival was 
calculated as the proportion of stage I larvae initially stocked that successfully metamorphosed to stage 
IV. 
2.3.4. Morphological Analyses 
Upon reaching stage IV, postlarvae were removed from a given tank and assigned a unique 
identification number. Postlarvae were then placed in a clear Petri dish atop 6 mm x 6 mm grid paper and 
photographed using a Canon Rebel T5 camera. Photographs were taken on the “no flash” setting, and the 
lens was zoomed in so that lobsters could be seen in detail. Photographs from at least 20 postlarvae from 
each temperature treatment were blindly assessed using ImageJ2 software (Rueden et al., 2017). In 
triplicate, we measured the distance (in mm) from the middle of each eye to the midline of the body 
(Figure 2.1). Average values were then used to calculate metrics of asymmetry.  
 
Figure 2.1. Example image used for morphometric analyses of a stage IV larva. The solid line indicates 
the midline of the body and the dotted line depicts the measured distance from the center of one eye to 




2.3.5. Total Hemocyte Counts 
Hemolymph was drawn from at least 12 postlarvae per temperature treatment to measure total 
hemocyte counts (THCs). Briefly, postlarvae were individually placed on a platform (a small crevice of a 
damp sponge) and viewed under a Unitron® Z850 Zoom Stereo Microscope. We used 6 mm BD® Insulin 
Syringes to draw as much of the animal’s hemolymph as possible. Hemolymph was placed in pre-
weighed glass vials containing 50 µl of fixative (10% buffered formalin in filtered, sterilized seawater) 
and the ratio of hemolymph to fixative was calculated using mass-differences. After aspirating the 
mixtures with a pipette, a 10 µl subsample was added to a hemocytometer (KOVA Glastic® Slide 10 with 
Grids). The total number of hemocytes was counted three times, and an average was calculated. This was 
repeated two more times, for a total of three subsamples per individual. Final counts were averaged and 
standardized to account for hemolymph : fixative dilutions among individuals (protocol modified from 
Dove et al., 2005).   
2.3.6. Statistical Analyses 
We used General Linear Models (GLMs) to determine the effects of temperature, year, and the 
interaction of year and temperature on the rate of development, cumulative survival, and THCs of 
postlarvae. We also explored whether stocking density had an effect on larval survival or rate of 
development using GLMs. We used Levene’s Test to assess equal variance across groups and visually 
inspected data using histograms and q-q plots to assess normality. Time (in days) to stage II, stage III, and 
stage IV, as well as THC data, were log transformed, and cumulative survival data were square root 
transformed to meet test assumptions. Post hoc LSD tests were used to conduct pairwise comparisons 
across nominal temperature groups. 
We calculated midline asymmetry (Ma) as the absolute difference between the distance from the 
middle of the right eye to the centerline of the body (R) and the middle of the left eye to the centerline of 
the body (L): Ma = ½R – L½ (Palmer and Strobeck, 1986, 2003; Figure 2.1). We assessed temperature 




assumptions of a GLM. We determined that measurement error was insignificant, found no effect of trait 
size on fluctuating asymmetry, and conducted a series of preliminary tests to exclude other forms of 
asymmetry (i.e., directional asymmetry and antisymmetry) following the protocols outlined in Palmer and 
Strobeck (1986, 2003).  
Finally, we performed bivariate correlation analyses between cumulative survival, time to stage 
IV, and nominal temperature treatment. While the post hoc LSD tests illuminated treatment-specific 
differences, this additional correlative approach allowed us to more fully understand the relationships 
among these specific experimental variables. All tests were performed using IBM® SPSS® Statistics 
Version 24.  
2.4. Results 
Development time was significantly faster in higher temperature treatments, particularly for time 
to stage IV (Table 2.1; Figure 2.2), which was significantly negatively correlated with nominal 
temperature (R = -0.9, p < 0.01). There was no significant year effect on time to stage II, but there was for 
time to stages III and IV (Table 2.1). However, this was driven solely by the significantly greater values 
observed in 2016 for the 14°C treatment as determined by comparing means using a t-test (stage III: t = 
4.4, p <0.01; stage IV: t = 2.7, p = 0.05). Pairwise comparisons found no significant differences in the 
time to stage II between the 14 and 16°C and between the 16 and 18°C groups (LSD: p > 0.1); however, 
all other temperature treatments were significantly different across all developmental stages (LSD: p < 
0.05; Figure 2.2). We found no significant interactive effect between year and temperature treatment on 
the time to any stage (Table 2.1). There was also no significant effect of stocking density on rate of 
development for any stage (GLM, stage II: F3,24 = 0.1, p = 0.9; stage III: F3,24 = 0.03, p = 0.9; stage IV: 







Table 2.1. Results of GLMs for the effects of year and nominal temperature on time to stage II (A), time 
to stage III (B), and time to stage IV (C). P values indicating strong evidence for effects are shown in 
bold. 
 
Source             df        F                 P 
                     (A) 
Corrected model  7              9.2                    < 0.001 
Temperature   3    19.3                < 0.001 
Year    1      3.7          0.069 
Temperature * Year  3     2.2          0.121 
 
                    (B) 
Corrected model  7             42.4                   < 0.001 
Temperature   3   97.9                    < 0.001 
Year    1   0.12          0.738 
Temperature * Year  3    5.5           0.006 
 
                    (C) 
Corrected model  7             75.4                   < 0.001 
Temperature   3   168.8                < 0.001 
Year    1     8.5          0.009 





Figure 2.2. Mean (+ SE) time to stage II (A), stage III (B), and stage IV (C) for larvae reared under 
different nominal temperatures for 2016 and 2017 data combined. Letters indicate significant differences 




Average cumulative survival was significantly affected by both year (GLM: F1,20 = 4.8, p < 0.05) 
and temperature (GLM: F3,20 = 17.7, p < 0.001) treatment, but there was no interactive effect (GLM: F3,20 
= 0.4, p = 0.73; Figure 2.3). In both years, mean cumulative survival was significantly positively 
correlated with nominal temperature (R = 0.6, p < 0.01). However, pairwise comparisons found no 
significant difference in cumulative survival between the 14 and 16°C, 16 and 18°C, 16 and 22°C, and the 
18 and 22°C treatments in 2016 (LSD: p > 0.05). Similarly, we observed no significant difference in 
cumulative survival values between the 14 and 16°C and the 18 and 22°C treatments in 2017 (Figure 2.3). 
Importantly, there was no significant difference in mean cumulative survival with each temperature 
treatment across years as observed using Student’s t-tests (14°C: t = 0.13, p = 0.90; 16°C: t = 1.71, p = 
0.19; 18°C: t = 1.09, p = 0.07; 22°C: t = 1.41, p = 0.69). There was also no significant effect of stocking 
density on cumulative survival (GLM: F3,24 = 0.4, p = 0.8), again suggesting variable stocking density did 





Figure 2.3. Mean (+ SE) cumulative survival for larvae reared under different nominal temperatures in 
2016 (A) and 2017 (B). In 2016, mean (±SE) survival was 1.9 ± 1.5, 12.8 ± 6.2, 40.4 ± 13.7, and 27.6 ± 
7.7% at 14, 16, 18, and 22°C, respectively. In 2017, mean (±SE) survival was 1.5 ± 1.2, 4.0 ± 1.0, 24.2 ± 
4.0, and 15.3 ± 4.8% at 14, 16, 18, and 22°C, respectively. Letters indicate significant differences based 






THCs of postlarvae were significantly affected by temperature (GLM: F3, 64 = 9.8, p < 0.001; 
Figure 2.4). Mean THCs for postlarvae reared at the extremes (14 and 22°C) were not significantly 
different from one another but were significantly greater than mean THCs in postlarvae reared at both 16 
and 18°C (which were not significantly different from one another; Figure 2.4).  
 
Figure 2.4. Mean (+ SE) total hemocyte count (THC) for larvae reared under different nominal 
temperatures in 2017. Letters indicate significant differences based on GLMs followed by post hoc LSD 
tests (p < 0.01).  
 
 We found a significant effect of temperature on the variance in midline asymmetry 
(Nonparametric Levene’s Test: F3,222 = 4.8, p < 0.01; Figure 2.5). Variance in midline asymmetry was 
higher for postlarvae reared at 16 and 18°C compared to postlarvae reared at 14 and 22°C, with pairwise 
comparisons demonstrating significant differences between postlarvae reared at 14 and 16°C, 14 and 





Figure 2.5. Boxplots depicting the midline asymmetry for 2016 and 2017 data combined. Letters indicate 
significant differences in variance via a nonparametric Levene’s Test followed by post hoc LSD tests (p < 
0.01). The upper and lower quartiles are represented as the top and bottom ends of each box, respectively, 
and the median is marked by the horizontal line within each box. Lines extending vertically above and 
below the box indicate the variability outside of the upper and lower quartiles, and outliers are 
represented by individual points.  
 
2.5. Discussion 
Our work is the first to evaluate the use of FA as a biomarker for developmental instability in 
response to stress in larval H. americanus. We expected postlarvae reared under temperature extremes to 
exhibit greater levels of midline FA, but we found that postlarvae reared at 14 and 22°C had significantly 
lower levels of variance in midline FA compared to the intermediate temperature groups (Figure 2.5). 
There has been much debate about the utility of FA as an indicator of developmental instability (Palmer 
and Strobeck, 1986; Leung and Forbes, 1996). Although recent meta-analyses suggest that it is a reliable 




and trait-specific (Lazić et al., 2013; Klisarić et al., 2014). Elevated FA has been linked to elevated levels 
of pollution, including exposure to heavy metals in brown trout (Salmo trutta fario – Monna et al., 2011), 
tributyltin in surf crabs (Ovalipes trimaculatus – Lezcano et al., 2014), Roundup Original® in tadpoles 
(Physalaemus cuvieri – Costa and Nomura, 2016), and urbanization in lizards (Podarcis muralis – Lazić 
et al., 2013). Exposure to sub-optimal temperatures also produced increased levels of FA in developing 
larval fruit flies (Drosophila melanogaster and D. buzzatii – Imasheva et al., 1997), juvenile mussels 
(Mytilus edulis – Nishizaki et al., 2015), and adult isopods (Asellus aquaticus Linn. – Savage and 
Hogarth, 1999). This previous research has demonstrated a link between increased variance in traits of 
populations exposed to novel environments or pollutants, suggesting that elevated variance arises as 
populations struggle to adapt to a changing environment (see references within Orlando and Guillette, 
2001); however, research also suggests that human-induced stress produces a loss of genetic diversity in 
populations via genetic erosion (van Straalen and Timmermans, 2002). Genetic erosion can be caused by 
genetic bottlenecks, mutations, altered migration patterns, and directional selection of tolerant genotypes 
in response to stress, and it can lead to the loss of alleles, reduced population growth, and increased 
susceptibility to further genetic erosion (van Straalen and Timmermans, 2002; Ribeiro and Lopes, 2013). 
For example, scientists observed reduced genetic diversity in populations exposed to trace metal pollution 
(e.g., amphibians – Fasola et al., 2015; cladocerans Daphnia longispina – Venâncio et al., 2016; tiger 
prawn Penaeus monodon – Rumisha et al., 2017), climate-induced habitat loss and fragmentation (e.g., 
chipmunk Tamias alpinus – Rubidge et al., 2012; tree frogs Litoria ewingii and L. raniformis – Potvin et 
al., 2017), and human-induced habitat destruction (snails Littoraria subvitatta – Nehemia et al., 2017). At 
first glance, our results might appear to indicate lower levels of developmental instability of postlarvae 
reared under extreme temperatures compared to the intermediate temperature treatments. However, we 
suggest that only those individuals with genotypes tolerant of the extreme temperature treatments were 
able to survive this thermal stress, potentially altering morphological development that manifested as 
reduced variability in midline FA. Moreover, this observed decline in variation of FA suggests that 




capacities to deal with additional stressors (van Straalen and Timmermans, 2002). This is particularly 
important in the context of climate change, in which postlarvae will have to deal with numerous other 
stressors in addition to warming temperatures. Individuals (and thus populations) that are tolerant of one 
stressor may be sensitive to a second stressor, potentially enhancing genetic erosion in a population via a 
second round of gene loss (van Straalen and Timmermans, 2002; Venâncio et al., 2016). Future efforts 
should continue to explore the utility of FA as an indicator of developmental instability in larval lobsters, 
particularly in response to multiple stressors.  
We assessed physiological stress levels by quantifying total hemocyte counts (THCs), a common 
measure of stress that has not been previously implemented in work on larval lobsters. Invertebrates lack 
an adaptive immune system, and as such hemocytes play a critical role in the innate immune response 
(Cerenius and Soderhall, 2011; Adamo, 2012). Free hemocytes rapidly circulate within the hemolymph, 
surveying for areas of damage and identifying self from non-self (Babcock et al., 2008). In H. 
americanus, hemocytes assist in wound healing via clotting, harden the exoskeleton, and remove foreign 
material and pathogens via phagocytosis (Martin and Hose, 1995; Battison et al., 2003; Mori and Stewart, 
2006). Most previous work on hemocytes in invertebrates has focused on understanding changes in THCs 
in the context of pathogen exposure (e.g., white shrimp Litopenaeus vannamei – Cheng et al., 2006; giant 
prawn Macrobranchium rosenbergii – Chang et al., 2011; mud crab Scylla paramamosain – Zhou et al., 
2018). However, as the innate immune response and the stress response are intimately tied in 
invertebrates (Adamo, 2012), THCs have also been measured in the context of other stressors. For 
example, researchers linked elevated THCs to acute stress events in crickets (Gryllus texensis – Adamo, 
2010) and western rock lobster (Panulirus cygnus – Jussila et al., 2001). Additionally, researchers 
observed a decline in THCs in white shrimp (Litopenaeus vannamei) in response to cold shock, 
suggesting a depressed immune response relative to preferred thermal conditions (Chang et al., 2009).  
Previous work on adult H. americanus found an increase in THCs in response to elevated 
temperatures (Dove et al., 2005). Moreover, this increase was accompanied by a 60% reduction of 




well as severe pH acidosis, suggesting deleterious effects of warming temperatures on lobster physiology 
(Dove et al., 2005). Similarly, we observed elevated THCs in postlarvae reared under 22°C compared to 
those reared under 16 and 18°C, suggesting an elevated stress response in these treatments. One might 
expect physiological responses to increase in lobsters as their external environmental temperature 
increases because they are ectotherms; however, the fact that we did not observe a linear increase in 
THCs with temperature treatment points to a more regulated stress response independent of temperature. 
We also found an increase in THCs in postlarvae reared at 14°C that was not statistically different from 
that of the 22°C group, suggesting that these larvae also experienced stressful thermal conditions during 
development. A similar pattern was found in the freshwater amphipod (Gammarus pulex) when exposed 
to a range of environmentally-relevant temperatures (9 – 17°C), whereby THCs were reduced in 
individuals reared at intermediate temperatures compared to both the warm and cool extreme 
temperatures tested (Labaude et al., 2017). Amphipods reared at the extremes also exhibited a reduction 
in their ability to clear an Escherichia coli infection, suggesting a potential breakdown in the immune 
response as a consequence of temperature-induced stress (Labaude et al., 2017). Since some crustaceans 
exhibit greater levels of tissue damage at extreme temperatures (Madeira et al., 2015), it is possible that 
the elevated THCs observed in our study are related to wound healing and the breakdown of damaged 
cells (as suggested for G. pulex – Labaude et al., 2017). Continued warming conditions could increase 
disease susceptibility in recently settled American lobster if they are allocating more energy toward fixing 
damaged cells, potentially increasing post-settlement mortality. However, it is important to note that 
THCs are just one metric of stress, and future efforts should explore other indicators (e.g., levels of 
glucose, crustacean hyperglycemic hormone, or L-lactate – Basti et al., 2010). Additionally, future efforts 
should focus on not only measuring other parameters of hemolymph chemistry (e.g., phagocytotic activity 
and pH), but also understanding the potential interactions between temperature stress and immune 
function in postlarvae. 
Development rate was significantly enhanced under warming conditions, which aligns with 




al., 2017; Barret et al., 2017). Mean cumulative survival was also significantly elevated by rearing 
temperature, which increased up to 18°C (24 – 40%) with an insignificant reduction in survival at 22°C 
(15 – 27%) (Figure 2.3). This finding is consistent with previous studies showing increased survival in 
larval H. americanus at elevated temperatures (MacKenzie, 1988; Barret et al., 2017). Although Waller et 
al. (2017) described significant reductions in survival of larvae reared at elevated temperatures, that study 
reports considerably lower cumulative survival (< 2.0%). This may have been due to cannibalism (Waller 
et al., 2017), which could be expected to increase at higher temperatures to compensate for increased 
feeding and growth rates. In our study, vigorous aeration was necessary to reduce agonistic interactions 
and limit the incidence of cannibalism. However, Quinn et al. (2013) also found low cumulative survival 
(< 4.0%) in larvae reared individually at 20°C, eliminating the possibility of cannibalism-induced 
mortality. Rearing larval lobsters can be technically challenging, and numerous factors including system 
design, diet, and water quality can play a substantial role in survival outcomes. Notably, survival was 
lowest in our 14°C treatment, and pilot efforts to rear larvae at colder temperatures (10 – 12°C) produced 
too few larvae for meaningful analyses. This is consistent with Barret et al. (2017) and MacKenzie (1998) 
which generally found < 5.0% survival at 10°C. Variation in larval development is dependent upon both 
larval origin (i.e., cold- vs. warm-water maternal origin – Quinn et al., 2013), and the thermal variability 
encountered in the natural environment (Quinn and Rochette, 2015). Females used in this study were 
collected from southern Maine waters, so it is possible that their larvae perform better under warmer 
conditions compared to those from females of waters near colder portions of the species’ range. More 
work is needed to understand the geographical variation in responses to warming temperatures, 
particularly in the context of a changing climate.    
Overall, this work adds to our understanding of the indirect risk factors of rising temperatures on 
larval H. americanus, providing insight into the potential sublethal effects of ocean warming that could 
assist modeling efforts to link larval settlement to subsequent recruitment into the fishery (e.g., Barret et 
al., 2017; Quinn et al., 2017). Our findings suggest that larvae reared under warming conditions exhibit 




by the increase in stress level as indicated by elevated THCs. We also suggest that reduced variation in 
midline FA may indicate a reduced capacity to deal with additional stressors, although more work is 
needed to understand long-term consequences. Taken together, these data indicate a potential trade-off 
between enhanced growth and sublethal impacts on larval physiology under warming conditions. This is 
the first study to explore the utility of FA as an indicator of developmental stability in H. americanus, and 
future efforts should explore additional morphometric traits, as well as the potential for geographic 
variation in these metrics. Future research should also focus on understanding more downstream effects 
of both FA and THCs in the context of post-settlement survival, particularly as these parameters relate to 
interspecific interactions and foraging behaviors. Finally, it is important to acknowledge that ocean 
warming is not occurring in isolation, and future efforts should examine the potential interactive effects of 







EFFECTS OF TEMPERATURE ON THE POSTLARVAL AMERICAN LOBSTER 
TRANSCRIPTOME 
3.1. Chapter Abstract 
The American lobster (Homarus americanus) is one of the most iconic and economically valuable 
fisheries species in the Northwestern Atlantic. Temperature heavily influences lobster biology and 
distribution, and the ocean is rapidly warming across much of the species’ range. Warmer temperatures 
accelerate rates of larval development and enhance survival to the postlarval stage, but the potential 
effects of warming at the cellular level have rarely been addressed. We explored how exposure to current 
summer temperatures (16°C) or elevated temperature regimes (18°C and 22°C) during development 
influences the postlarval lobster transcriptome. We de novo assembled the larval lobster transcriptome 
and identified 2,542 differentially expressed (DE; adjusted p < 0.05) transcripts in postlarvae exposed to 
16°C vs. 22°C and 422 DE transcripts in postlarvae reared at 16°C vs. 18°C. Lobsters reared at 16°C 
significantly over-expressed transcripts annotated to proteins related to cuticle formation and the immune 
response up to 14.4- and 8.5-fold, respectively, relative to those reared at both 18°C and 22°C. However, 
as treatment temperature increased the expression of transcripts annotated to proteins affiliated with 
metabolic turnover increased up to 7.1- fold. These results suggest that postlarvae exposed to increasingly 
warmer temperatures during development experience a shift in the transcriptome that reflects a potential 
trade-off between maintaining immune defenses and meeting the energetic demands associated with 
increased physiological rates under ocean warming. This could have major implications for post-
settlement survival through increased risk of mortality due to disease and/or starvation if energetic 
demands cannot be met.  
3.2. Introduction 
Increased input of anthropogenic carbon dioxide (CO2) into the atmosphere has caused 
widespread changes in climatic conditions, including increased rates of ocean warming and acidification. 




and recent modeling efforts suggest that the oceans are likely warming at a rate faster than previously 
projected (Cheng et al., 2019). The Northwestern Atlantic Ocean is experiencing some of the most rapid 
rates of warming (Pershing et al., 2015). Specifically, the Gulf of Maine region is warming four times the 
average global rate (i.e., 0.4°C per decade – Thomas et al., 2017), which has had considerable impacts on 
the regions’ commercial finfish (Pershing et al., 2015) and shellfish (Richards et al., 2012; Arnberg et al, 
2013) fisheries. Moreover, warming ocean temperatures have been linked to mass mortality events and 
disease outbreaks in the southern portion of the American lobster (Homarus americanus) population 
(Pearce and Balcolm, 2005), raising concerns of increased disease susceptibility for northern portions of 
the population as the Gulf of Maine continues to warm. 
Underlying the overt impacts of warming on Gulf of Maine species is the effect of temperature on 
physiological processes (i.e., Q10 effects), and the increase in oxygen demand associated with these 
effects on metabolism (Somero et al., 2015, 2017). Although manipulative experiments have helped 
determine general patterns in organismal responses to various environmental stressors, they often do not 
identify the cellular mechanisms driving observations. However, as bioinformatics tools continue to 
advance, next-generation sequencing efforts and gene expression studies have provided a much greater 
understanding of how organisms respond to environmental stress (Conesa et al., 2016). Transcriptomics, 
the study of transcriptomes and their functions through RNA-sequencing (RNA-seq; Lesk, 2013), has 
been implemented in a variety of research efforts and study systems in the aquatic environment, 
particularly in the context of understanding cellular responses to climate change (e.g., blue mussels 
Mytilus spp. – Lockwood et al., 2010; corals Acropora millepora – Moya et al., 2012; Sydney rock 
oysters Saccostrea glomerata – Goncalves et al., 2017; purple urchins Strongylocentrotus purpuratus– 
Evans et al., 2017; Wong et al., 2018). Transcriptomics is a particularly useful tool to explore gene 
expression patterns as it does not require that the genome or the transcriptome of a species of interest be 
fully known (Clark and Greenwood, 2016). Sophisticated software packages allow a user to de novo 
assemble a transcriptome (e.g., Trinity – Grabherr et al., 2011; Haas et al., 2013), which can then serve as 




We explored how elevated temperatures influence the transcriptome of postlarval American 
lobster. Homarus americanus inhabits waters off the Atlantic Coast of North America from North 
Carolina, USA, to Newfoundland, Canada (Herrick, 1911; Holthuis, 1991). During the summer months, 
newly hatched lobsters proceed three pelagic larval stages (I-III) prior to metamorphosing into the final, 
postlarval stage (IV) that resembles the adult form. As the postlarval stage marks the point of transition, 
or settlement, from the pelagic to the benthic realm in the life history of H. americanus, how the 
environment impacts this stage may have huge implications for post-settlement survival and thus 
recruitment to the population. Although development time varies with larval origin (Quinn et al., 2013) 
and environmental conditions (Quinn and Rochette, 2015), previous research suggests that exposure to 
warmer temperatures significantly accelerates larval development time (Hadley, 1906; Templeman, 1936; 
MacKenzie, 1988; Waller et al., 2017; Barret et al., 2017; Harrington et al., 2019), and increases survival 
to stage IV (MacKenzie, 1988; Barret et al., 2017; Harrington et al., 2019). However, these potential 
benefits of ocean warming may be outweighed by increased oxygen demand due to elevated metabolic 
rates (Waller et al., 2017) and elevated levels of cellular stress (Harrington et al., 2019), which could lead 
to reduced post-settlement survival and a potential loss of diversity. Previous genetic analyses of 
developing H. americanus indicate that the constitutive expression of immune-related genes increases and 
is maximized upon reaching the postlarval stage (Hines et al., 2014), and transcriptomic efforts have 
identified numerous putative immune-related genes in larval H. americanus that remain to be validated 
(Clark and Greenwood, 2016). However, transcriptomic analyses have primarily focused on adult 
lobsters, particularly in the context of pathogen- and tissue-specific immune responses (Clark et al. 2013a, 
2013b, 2013c; Clark et al. 2015), as well as tissue-specific expression patterns of genes related to 
biological neural circuits (McGrath et al., 2016), with few exploring the impacts of environmental change 
on the larval transcriptome.  
To our knowledge, this is the first study to address how exposure to warming conditions during 
development influences the postlarval H. americanus transcriptome. As H. americanus lacks a fully 




We then characterized the transcriptional profiles across postlarvae exposed to three temperature 
treatments during development. Finally, we compared transcriptome-wide differences across these 
temperature groups, focusing on transcripts annotated to genes associated with innate immunity and 
metabolic turnover. These data attempt to address the potential downstream effects of ocean warming on 
this important species and provide a better understanding of the cellular mechanisms involved in potential 
trade-offs between accelerated growth and overall fitness in a warming ocean. 
3.3. Materials and Methods 
3.3.1. Larval Rearing 
Egg-bearing female lobsters were collected by the Maine Department of Marine Resources (ME 
DMR) Ventless Trap Survey in summer 2017 from the waters off of the mid-coast Maine region. Females 
were transported to the University of Maine’s Aquaculture Research Center (ARC) in Orono, ME, and 
housed individually in recirculating seawater systems as previously described (Harrington et al., 2019). 
Briefly, females were observed at least every 10 hours for newly-hatched larvae, which were evenly 
distributed among four temperature treatments: 14, 16, 18, and 22°C. These temperatures were selected 
because they represent the environmentally relevant range of temperatures encountered by H. americanus 
across its distribution (Factor, 1995), with 16°C representing current average summer temperatures 
experienced by larval H. americanus in the collection area (The Northeastern Regional Association of 
Coastal Ocean Observing Systems, NERACOOS, Past X-Band MODIS Satellite Sea Surface 
Temperature Data; neracoos.org). We used four recirculating seawater systems that consisted of four 
replicate 75 L tanks each. Experimental tanks were stocked evenly with larvae from at least three 
different females over no longer than 48 hours to limit size variation among larvae, resulting in stocking 
densities that ranged from 3.5 – 14 larvae per L depending on the number of individuals available during 
stocking events. Tanks were heavily aerated, and live Artemia spp. (Grade A Brine Shrimp Eggs, Brine 
Shrimp Direct, Inc., Ogden, Utah) were added at a density of 12 ml-1 to reduce cannibalism. We 





3.3.2. Sample Preservation and RNA Extraction 
 Larval development was assessed daily using a Unitron® Z850 Zoom Stereo Microscope to 
examine morphological characteristics (see Harrington et al., 2019). Upon reaching stage IV, postlarvae 
were removed from the experimental tanks. A subset of individuals was immediately placed in 
DNA/RNA-free microcentrifuge tubes containing 1 ml of RNALater for preservation and were stored at -
20°C until homogenization. Whole animals were homogenized in 1 ml of TRIzol® reagent using a Tissue 
Tearor (Biospec Products, Inc). Following Clark et al. (2013a), 200 µl of chloroform was added to each 
sample vial and inverted prior to incubating at room temperature (~20°C) for three minutes. Samples were 
then centrifuged at 4,000 g at 4°C for 15 minutes. Approximately 600 µl of the supernatant of each 
sample was carefully removed and combined with an equal volume of 70% ethanol (Molecular Biology 
Grade). RNA was then isolated using the Qiagen RNeasy® Mini Kit following the manufacturer’s 
protocols, including the optional DNase I treatment. RNA was quantified spectrophotometrically using a 
Thermo Scientific NanoDropTM Spectrophotometer. Samples were stored at -80°C, and material from five 
replicate animals reared at 16, 18, and 22°C were sent to the Genomic Services Lab (GSL) at the 
HudsonAlpha Institute for Biotechnology (Huntsville, AL) for library preparation and sequencing. Low 
survival at 14°C precluded us from using postlarvae for RNA extraction and as such have been omitted in 
the analyses that follow.  
3.3.3. Library Preparation and de novo Transcriptome Assembly 
Libraries were prepared for all samples by the GSL following internal quality control assays: 
initial quantification via a Quibit® fluorometer (Life Technologies), bioanalysis via the Agilent 2100 
Bioanalyzer (Agilent Technologies, CA), and final quantification using a KAPA Library Quantification 
Kit (KAPABiosystems, MA). RNA-Seq libraries were prepared using poly(A) enrichment and sequenced 
on an Illumina HiSeq v4 sequencer (paired end, 50 bp, 50M reads). Raw sequence reads were uploaded to 
the Galaxy Server (Afgan et al., 2018; Galaxy Version 18.09). Read quality was assessed using FastQC 




Bioinformatics; Galaxy Version 0.4.3.1). A de novo transcriptome was assembled using the Trinity 
bioinformatics suite (Grabherr et al., 2011; Haas et al., 2013; Galaxy Version 0.0.1). Following the data 
analysis pipeline of Pertea et al. (2016), reads were aligned to the transcriptome using HiSAT2 (Kim et 
al., 2015; Galaxy Version 2.1.0+galaxy3) and assembled into full and partial transcripts using StringTie 
(Pertea et al., 2015; Galaxy Version 1.3.4). StringTie Merge was used to create a set of consistent 
transcripts across samples (Pertea et al., 2015; Galaxy Version 1.3.4), and featureCounts was used to 
count reads and normalize these data (Liao et al., 2013; Galaxy Version 1.6.2).  
We used both DESeq2 (Love et al., 2013; Galaxy Version 2.11.40.2) and edgeR (Robinson et al., 
2010; Liu et al., 2015; Galaxy Version 3.20.7.2) to assess differential transcript expression. With both 
statistical approaches, p-values were adjusted for multiple testing with the Benjamini-Hochberg 
procedure, which controls false discovery rate (FDR). For the DESeq2 analysis, factor levels 1, 2, and 3 
corresponded to postlarvae reared at 16°C, 18°C, and 22°C, respectively, resulting in three pairwise 
comparisons across treatments: 16°C vs. 22°C, 16°C vs. 18°C, and 18°C vs. 22°C. As such, fold change 
(FC) was calculated for each transcript as a ratio of expression in postlarvae reared at 16°C relative to 
22°C, 16°C relative to 18°C, and 18°C relative to 22°C in each comparison, respectively. Similar pairwise 
comparisons were set up for the edgeR analysis. All data were graphically represented as log2FC for ease 
of visualization, where positive and negative values correspond to transcripts over- and under-expressed, 
respectively, in postlarvae reared at 16°C relative to 22°C, 16°C relative to 18°C, and 18°C relative to 
22°C in each comparison. Importantly, because FC is a ratio of expression, negative log2FC values can 
also be interpreted as transcripts over-expressed in postlarvae reared at 22°C relative to 16°C, 18°C 
relative to 16°C, and 22°C relative to 18°C in each temperature comparison, whereby FC values were 
calculated as the inverse of those reported by DESeq2 and edgeR.  
3.3.4. Annotation and Pathway Analysis 
We used the NCBI BLAST+ blastx routine (Galaxy Version 0.3.0) to annotate our transcriptome 
using NCBI non-redundant (nr) protein databases (E-value ≤ 1e – 10; downloaded in July 2018). We 




to these annotations using Blast2GO (Götz et al., 2008; Version 5.2.5). We used the KEGG Automatic 
Annotation Server (KAAS; Moriya et al., 2007) for ortholog assignment and pathway analysis of the top 
100 differentially expressed (DE) and annotated transcripts that were over- and under-expressed in all 
treatment comparisons from both the edgeR and DESeq2 analyses. We also identified transcripts 
annotated to genes of interest (GOI) related to immunity, cuticle formation, and metabolism for further 
discussion. 
3.4. Results 
3.4.1. Transcriptome Assembly and Annotation 
The de novo assembly of the postlarval lobster transcriptome via Trinity produced 138,833 
sequences resulting in 66,962 contigs across samples following the StringTie Merge analysis. Of these, 
16,170 (24.2% of assembled contigs) were successfully annotated against NCBI nr protein databases. 
Mapping these gene IDs to GO annotations identified 1,711 unique GO categories represented in our 
transcriptome: 335 attributed to cellular components, 458 attributed to molecular function, and 918 
attributed to biological processes. Of these, the top ten GO terms attributed to the greatest number of 
transcripts (in descending order) were integral component of membrane, oxidation-reduction process, 
membrane, transmembrane transport, nucleus, proteolysis, zinc ion binding, regulation of transcription 





Table 3.1. Top twenty Gene Ontology (GO) terms affiliated with the greatest number of transcripts. The 
letters “C”, “P”, and “F” refer to GO terms attributed to cellular functions, biological processes, and 
molecular functions, respectively. 
 
                  Count     GO Term                 GO Name 
651 C:GO:0016021 Integral component of membrane 
352 P:GO:0055114 Oxidation-reduction process 
350 C:GO:0016020 Membrane 
295 P:GO:0055085 Transmembrane transport 
278 C:GO:0005634 Nucleus 
262 P:GO:0006508 Proteolysis 
259 F:GO:0008270 Zinc ion binding 
193 P:GO:0006355 Regulation of transcription, DNA templated 
193 P:GO:0006468 Protein phosphorylation 
151 F:GO:0022857 Transmembrane transporter activity 
139 C:GO:0005576 Extracellular region 
137 F:GO:0042302 Structural constituent of cuticle 
127 P:GO:0005975 Carbohydrate metabolic process 
126 P:GO:0006412 Translation 
117 F:GO:0016491 Oxidoreductase activity 
108 F:GO:0046872 Metal ion binding 
106 C:GO:0005840 Ribosome 
97 P:GO:0006030 Chitin metabolic process 
96 P:GO:0007165 Signal transduction 







3.4.2. Differential Expression  
 Using DESeq2 analysis, we observed a total of 2,542 differentially expressed (DE; adjusted p < 
0.05) transcripts in the 16°C vs. 22°C treatment comparison, 422 DE transcripts in the 16°C vs. 18°C 
treatment comparison, and 33 DE transcripts in the 18°C vs. 22°C treatment comparison (Table 3.2; 
Figure 3.1). Of these DE transcripts, none were shared across all three treatment comparisons, but 375 
were shared between the 16°C vs. 22°C and 16°C vs. 18°C treatment comparisons (Figure 3.2). Results of 
the edgeR analysis identified 805, three, and zero DE transcripts in the 16°C vs. 22°C, 16°C vs. 18°C, and 
18°C vs. 22°C treatment comparisons, respectively (Table 3.2). All three of the DE transcripts identified 
in the 16°C vs. 18°C treatment using edgeR were also identified by DESeq2, and we omit the edgeR 
results from subsequent analyses. However, edgeR identified 14 DE transcripts in the 16°C vs. 22°C that 
were not identified by DESeq2 (Figure 3.3), and as such we include both analyses for this treatment 
comparison in the following sections. 
 
Table 3.2. Number of differentially expressed (DE; adjusted p-value ≤ 0.05) transcripts over- and under-
expressed in each temperature comparison using both DESeq2 (A) and edgeR (B) analyses. For each 
comparison, the number of over- and under-expressed transcripts are expressed as the first temperature 
treatment relative to the second temperature treatment (e.g., in the 16°C vs. 22°C comparison, transcripts 
are over- or under-expressed in postlarvae reared at 16°C relative to those reared at 22°C). 
 
Comparison  Total DE (#)  Over-expressed (#)      Under-expressed (#) 
     (A)   
16°C vs. 22°C      2,542         1,354    1,188 
16°C vs. 18°C         422                    326         96 
18°C vs. 22°C           33                          16         17 
     (B) 
16°C vs. 22°C          805            468       337 
16°C vs. 18°C              3    1           2 





Figure 3.1. Volcano plots for expression of transcripts identified using DESeq2 in the 16°C vs. 22°C (A), 
the 16°C vs. 18°C (B), and the 18°C vs. 22°C (C) comparisons. For each comparison, log2 Fold Change 
values are expressed as the first temperature relative to the second temperature listed (e.g., in the 16°C vs. 
22°C comparison, transcripts are over- or under-expressed in postlarvae reared at 16°C relative to those 
reared at 22°C). All differentially expressed (DE) transcripts with adjusted p-values ≤ 0.05 are indicated 
by the red circles. Over-expressed transcripts have +log2 Fold Change values, whereas under-expressed 












Figure 3.2. Venn diagram of all differentially expressed (DE; adjusted p-value ≤ 0.05) transcripts 






Figure 3.3. Venn diagrams of all differentially expressed (DE; adjusted p-value ≤ 0.05) transcripts 
identified by DESeq2 and edgeR for the 16°C vs. 22°C comparison (A) and 16°C vs. 18°C comparison 









3.4.3. Top 100 DE Transcripts 
3.4.3.1. Comparison of Postlarvae Reared at 16°C vs. 22°C. Of the 2,542 DE transcripts identified in 
the DESeq2 analysis, 53.3% and 46.7% were over- and under-expressed in postlarvae reared at 16°C 
relative to 22°C, respectively (Table 3.2). Similarly, of the 805 DE transcripts identified in the edgeR 
analysis, 58.1% and 41.9% were over- and under-expressed in postlarvae reared at 16°C relative to 22°C, 
respectively (Table 3.2). From both statistical analyses, the top 10 GO terms affiliated with biological 
processes in the significantly over-expressed (+log2FC) transcripts in postlarvae reared at 16°C relative to 
22°C were related to the regulation of transcription (DNA-templated), transmembrane transport, cell 
communication, and cellular processes (Table 3.3; Figure 3.4). The top 10 GO terms attributed to 
molecular function included catalytic activity, structural constituent of the cuticle, and various “binding”-
related terms (Table 3.3; Figure 3.4). In contrast, the top 10 GO terms attributed to biological processes in 
the significantly over-expressed transcripts in postlarvae reared at 22°C (i.e., under-expressed in 
postlarvae reared at 16°C; -log2FC) included a number of terms affiliated with metabolism (e.g., 
metabolic process, biosynthetic process, and DNA metabolic process) and DNA replication (Table 3.3; 
Figure 3.4), whereas the top 10 GO terms attributed to molecular function included catalytic activity, 
oxidoreductase activity, aminoacyl-tRNA ligase activity, and several terms related to “binding” (Table 












Table 3.3. Top ten Gene Ontology (GO) terms affiliated with the greatest number of differentially 
expressed (DE; adjusted p-value ≤ 0.05) transcripts by treatment comparison. GO terms were generated 
for DE transcripts indicated by both DESeq2 and edgeR analyses for the 16°C vs. 22°C, (A) and (B), 
respectively, and from DESeq2 analysis for the 16°C vs. 18°C (C) and 18°C vs. 22°C (D) comparisons. 
The letters “C”, “P”, and “F” refer to GO terms attributed to cellular functions, biological processes, and 
molecular functions, respectively. 
 
                  Count     GO Term                 GO Name 
(A) 
236 F:GO:0005515 Protein binding 
126 C:GO:0016021 Integral component of membrane 
126 F:GO:0005524 ATP binding 
102 F:GO:0042302 Structural constituent of cuticle 
100 F:GO:0003676 Nucleic acid binding 
75 P:GO:0055114 Oxidation-reduction process 
72 C:GO:0005634 Nucleus 
66 P:GO:0055085 Transmembrane transport 
63 C:GO:0016020 Membrane 
61 P:GO:0006508 Proteolysis 
(B) 
70 F:GO:0005515 Protein binding 
56 F:GO:0042302 Structural constituent of cuticle 
46 C:GO:0016021 Integral component of membrane 
34 F:GO:0005524 ATP binding 
28 P:GO:0055085 Transmembrane transport 
26 C:GO:0005634 Nucleus 
26 P:GO:0055114 Oxidation-reduction process 




21 F:GO:0003677 DNA binding 
18 C:GO:0016020 Membrane 
(C) 
44 F:GO:0042302 Structural constituent of cuticle 
26 F:GO:0005515 Protein binding 
14 P:GO:0055114 Oxidation-reduction process 
12 C:GO:0016021 Integral component of membrane 
11 C:GO:0005576 Extracellular region 
11 C:GO:0005634 Nucleus 
11 F:GO:0003676 Nucleic acid binding 
11 F:GO:0005524 ATP binding 
11 P:GO:0006508 Proteolysis 
10 P:GO:0006355 Regulation of transcription, DNA-templated 
(D) 
3 F:GO:0005515 Protein binding 
2 C:GO:0005576 Extracellular region 
2 C:GO:0016021 Integral component of membrane 
2 F:GO:0008061 Chitin binding 
2 F:GO:0022857 Transmembrane transporter activity 
2 P:GO:0006030 Chitin metabolic process 
2 P:GO:0055085 Transmembrane transport 
1 C:GO:0005622 Intracellular 
1 F:GO:0003713 Transcription coactivator activity 
1 F:GO:0004198 Calcium-dependent cysteine-type endopeptidase  
  activity 
  




Figure 3.4. Word clouds of top 10 GO terms generated by Blast2GO for the 16°C vs. 22°C comparison. 
Panels (A) and (B) represent GO terms attributed to biological processes and molecular functions, 
respectively, for transcripts that were over-expressed in postlarvae reared at 16°C relative to 22°C. Panels 
(C) and (D) represent GO terms attributed to biological processes and molecular functions, respectively, 
for transcripts that were under-expressed in postlarvae reared at 16°C relative to 22°C. Importance of GO 
terms (i.e., frequency of occurrence) is represented by font size, and coloring is random. Figures were 
generated using a trial version of Blast2GO PRO.  
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KAAS pathway analysis indicated that over-expressed transcripts in the 16°C treatment included 
proteins involved in signaling and cellular processes, transcription, and the complement and coagulation 
cascade (Table A.1). Moreover, common IPS protein domains associated with these transcripts included 
those involved in transcription (e.g., Ets domain, pointed domain, and the orange domain), chitin-binding, 
immunity (e.g., Späetzle and the Alpha-2 macroglobulin bait domain), and cellular signaling (e.g., PDZ 
domain and the Roc domain; Figure 3.5). In contrast, KAAS pathway analysis indicated that the top 100 
over-expressed transcripts in the 22°C treatment (i.e., under-expressed in postlarvae reared at 16°C) 
included proteins involved in a variety of metabolic processes (e.g., amino acid metabolism, carbohydrate 
metabolism, TCA cycle, glycolysis/gluconeogenesis, pyruvate metabolism, and lipid metabolism), DNA 
repair and replication processes, calcium ion signaling, the cell cycle (cell growth and death), ribosome 
biogenesis, and tRNA biogenesis (Table A.1). Similarly, these transcripts included IPS domains related to 
metabolism (e.g., the aldehyde dehydrogenase domain, the dihydrooroate dehydrogenase domain, the 
TauD/TfdA-like domain, and the transkelotase-like, pyrimidine-binding domain), as well as DNA 
replication and repair (e.g., MCM N-terminal, MCM domain, MCM AAA-lid domain; MCM OB domain; 







Figure 3.5. InterProScan protein domains associated with differentially expressed transcripts of the 16°C 
vs. 22°C comparison.  Panels depict domains associated with transcripts that were over-expressed in 
postlarvae reared at 16°C relative to 22°C as identified by DESeq2 (A) and edgeR (B) analysis, and 
domains associated with transcripts that were under-expressed in postlarvae reared at 16°C relative to 
22°C as identified by DESeq2 (C) and edgeR (D). Asterisks (*) indicate protein domains uniquely 

























We identified a total of 38 genes of interest (GOIs) affiliated with significantly DE expressed 
transcripts in postlarvae reared at 16°C vs. 22°C, 26 of which were uniquely identified in this treatment 
comparison (Table 3.4; Figure 3.6). Twenty-six GOIs were annotated to transcripts over-expressed in 
postlarvae reared at 16°C, including 16 annotated to genes involved in cuticle formation or chitin 
degradation (e.g., chitinase, gastrolith protein 18.2, and early cuticle proteins 2, 5, and 6), and 10 
annotated to proteins involved in the innate immune response (e.g., antimicrobial peptide type 2 
precursor, crustin, Spätzle 4, Alpha 2-macroglobulin isoform 2, and hormone receptor; Table 3.4; Figure 
3.6). In contrast, we identified 12 GOIs affiliated with transcripts over-expressed in postlarvae reared at 
22°C, including eight annotated to proteins involved in cell division and DNA replication (e.g., DNA 
replication licensing factors MCM2, MCM3, MCM5, and MCM7) and five annotated to proteins 
affiliated with metabolism or energy demanding processes (e.g., acyl-CoA ∆-9 desaturase and ∆-9 
desaturase; Table 3.4; Figure 3.6). 
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Table 3.4. List of genes of interest (GOIs) that correspond to transcripts that were over- (A) or under-expressed (B) in all treatment comparisons. 
GOI descriptions were determined by annotation against NCBI nr protein databases. GOIs with an asterisk (*) were common across both the 16°C 
vs. 22°C and the 16°C vs. 18°C treatment comparisons. For the 16°C vs. 22°C comparison, additional GOIs identified by edgeR are indicated by 
an obelisk (†). 
 
Comparison GOI Description Function of GOI 
(A) 16°C vs. 22°C Strongly chitin-binding protein* Structural constituent of cuticle 
 
Chitin-binding protein* Structural constituent of cuticle 
 
Cuticle protein 19.8* Structural constituent of cuticle 
 
Gastrolith protein 18.2 Formation of chitin-based gastrolith matrix 
 
Chitinase Breaks down glycosidic bonds in chitin 
 
Chitinase 2, partial Chitin binding; Hydrolase activity; Carbohydrate metabolic 
process 
 
Calcification-associated soluble matrix 
protein 2 (Casp-2) 
Chitin binding domain; Calcification of the cuticle 
 
Peritrophin* Chitin binding; Chitin metabolic processes 
 
Peritrophin 44-like protein Chitin binding; Involved in antibacterial innate immunity via 
peritrophic membrane formation 
 
Early cuticle protein 2 Structural constituent of cuticle 
 
Early cuticle protein 5 Structural constituent of cuticle 
 
Early cuticle protein 6 Structural constituent of cuticle 
 




Cuticle-like protein* Structural constituent of cuticle 
 
Cuticle 7-like protein Structural constituent of cuticle 
 
Cuticle protein 7† Structural constituent of cuticle 
 
Antimicrobial peptide type 2 precursor Peptidase inhibitor activity; Involved in innate immunity 
 
Crustin Antimicrobial peptide; Involved in innate immunity 
 
Spätzle 1 (Spz1)* Spätzle-like protein 1; Involved in innate immunity 
 
Spätzle 3 (Spz3)* Spätzle-like protein 3; Involved in innate immunity 
 
Spätzle 4† Spätzle-like protein 4; Involved in innate immunity 
 
Alpha 2-macroglobulin (A2M)* Non-specific protease inhibitor; Involved in innate immunity 
 
Octopamine receptor !-2R† Adrenergic receptor activity; Neuromodulator and 
neurotransmitter 
 
Alpha 2-macroglobulin isoform 2† Non-specific protease inhibitor; Involved in innate immunity 
 
Hormone receptor, partial† Anti-apoptosis and anti-inflammatory roles in innate immunity 
 
16°C vs. 18°C Chitin-binding protein, partial Structural constituent of cuticle 
 
Cuticle protein AMP13.4 Structural constituent of cuticle; Antimicrobial peptide; Involved 
in innate immunity 
 
Spätzle Spätzle-like protein; Involved in innate immunity 
 
Crustin 2 Antimicrobial peptide; Involved in innate immunity 
 
Arrestin Regulates signal transduction at G-protein coupled receptors 




Glutamate-gated chloride channel, partial Extracellular ligand-gated ion channel activity; Transmembrane 
signaling receptor activity 
 




DNA/RNA non-specific endonuclease Nucleic acid and metal ion binding; Cleaves phosphodiester 
bonds within polynucleotide chains 
 
Vrille DNA-binding transcription factor activity 
 
18°C vs. 22°C Obstructor F Chitin binding; Chitin metabolic processes 
 







16°C vs. 22°C Acyl-CoA ∆-9 desaturase Fatty acid metabolism; Cell membrane fluidity regulation; 
Oxidoreductase activity 
 
∆-9 desaturase† Lipid metabolism; Fatty acid biosynthetic process 
 
L-fucose kinase ATP binding, kinase activity 
 
NADH dehydrogenase subunit 2* Core subunit of mitochondrial membrane respiratory chain 
NADH dehydrogenase; Electron transport chain 
 
Sarco-endoplasmic reticulum Ca2+-ATPase 
pump (SERCA)* 
Calcium-transporting ATPase activity; ATP binding; Calcium ion 
transmembrane transport 
 
DNA primase-like protein Involved in DNA replication; Synthesizes small RNA primers for 
Okazaki fragments 
 
p53 protein DNA-binding transcription factor activity; Apoptotic processes 




DNA replication licensing factor MCM2† DNA replication initiation; Negative regulation of DNA helicase 
activity 
 
DNA replication licensing factor MCM3† DNA binding; DNA replication initiation 
 
DNA replication licensing factor MCM5† DNA replication initiation 
 
DNA replication licensing factor MCM7† DNA replication initiation 
 
FACT complex subunit SPT16† Heterodimeric protein complex that impacts RNA polymerase II 
transcription elongation 
 
16°C vs. 18°C Calmodulin Binds to Ca2+; Regulates enzymes, ion channels, and aquaporins 
 
Calcium-activated chloride channel 
regulator 2, partial 




kinase type 1 isoform X2 
Cell cycle regulation; Calmodulin binding 
 
Alpha 2-macroglobulin (A2M) Non-specific protease inhibitor; Involved in innate immunity 
 
18°C vs. 22°C Clottable protein 2 Lipid transporter activity; Lipid transport 
 
Calpain-B-like protein, partial Calcium-dependent cysteine-type endopeptidase activity; Ca2+ 
binding; Proteolysis 




Figure 3.6. Expression levels (log2 Fold Change) of genes of interest unique to the 16°C vs. 22°C 
treatment comparison. Positive and negative log2FC values indicate over- and under-expressed 




3.4.3.2. Comparison of Postlarvae Reared at 16°C vs. 18°C. Of the total 422 DE transcripts identified 
in the DESeq2 analysis, 58.1% were over-expressed (+log2FC) and 41.9% were under-expressed (-
log2FC) in postlarvae reared at 16°C relative to 18°C (Table 3.2). The top 10 GO terms in all categories 
were similar to those observed in the 16°C vs. 22°C comparison (Table 3.3), and proteins annotated to DE 
transcripts in this treatment comparison were generally involved in similar pathways identified via KAAS 
for the 16°C vs. 22°C comparison (Table A.1). IPS domains associated with the top 100 over- and under-
expressed transcripts in the 16°C relative to the 18°C treatment included similar domains identified in 
16°C vs. 22°C comparison. However, transcripts over-expressed in postlarvae reared at 16°C relative to 
18°C included some additional domains associated with cellular signaling (e.g., the arrestin-like N-
terminal and the neurotransmitter-gated ion-channel ligand binding domain) and transcription (e.g., the 
basic-leucine zipper domain and the La-type HTH domain; Figure 3.7).  
 We identified 25 GOIs in this treatment comparison, 13 that were uniquely detected in postlarvae 
exposed to 16°C vs. 18°C during development (Table 3.4; Figure 3.8). Nineteen GOIs were affiliated with 
transcripts over-expressed in postlarvae reared at 16°C compared to 18°C, including eight annotated 
proteins involved in cuticle formation (e.g., cuticle protein AMP 13.4), six annotated to proteins involved 
in innate immunity (e.g., Spätzle and crusin 2), and three annotated to proteins affiliated with 
developmental processes (e.g., arrestin and vrille; Table 3.4; Figure 3.8). In contrast, eight GOIs were 
affiliated with transcripts over-expressed in postlarvae reared at 18°C relative to 16°C, including four 
annotated to proteins related to or dependent upon calcium ion binding (e.g., calmodulin and calcium-













Figure 3.7. InterProScan protein domains associated with transcripts that were over-expressed (A) and 





Figure 3.8.  Expression levels (log2 Fold Change) of genes of interest unique to the 16°C vs. 18°C 
treatment comparison. Positive and negative log2FC values indicate over- and under-expressed 




3.4.3.3. Comparison of Postlarvae Reared at 18°C vs. 22°C. Due to the lack of DE transcripts in the 
18°C vs. 22°C comparison, most of the GO terms affiliated with either over- or under-expressed 
transcripts occurred only once (Table 3.3). Transcripts that were both over- and under-expressed in 
postlarvae reared at 18°C relative to 22°C were affiliated with proteins involved in metabolism and the 
ubiquitin system according to KAAS pathway analysis (Table A.1). However, IPS protein domains 
associated with or regulated by calcium ions and protein domains associated with oxygen transport (e.g., 
hemocyanin-related domains) were more prominent in transcripts that were over-expressed in postlarvae 
reared at 22°C compared to 18°C (Figure 3.9). We also identified a total of four GOIs associated with the 
DE transcripts that were unique to this treatment comparison (Table 3.4; Figure 3.10). Transcripts over-
expressed in postlarvae reared at 18°C were annotated to proteins involved in chitin binding, whereas 
transcripts over-expressed in postlarvae reared at 22°C annotated to proteins affiliated with lipid transport 





















Figure 3.9. InterProScan protein domains associated with transcripts that were over-expressed (A) and 






Figure 3.10. Expression levels (log2 Fold Change) of genes of interest identified the 18°C vs. 22°C 
treatment comparison. Positive and negative log2FC values indicated over- and under-expressed 









Transcriptomics has proven a useful approach for understanding changes in cellular processes due 
to environmental stressors in a variety of species (Lockwood et al., 2010; Moya et al., 2012; Evans et al., 
2017; Goncalves et al., 2017; Wong et al., 2018). We explored how exposure to temperatures mimicking 
projected ocean warming during development alters the postlarval American lobster transcriptome. 
Postlarvae reared under current average summer temperatures (16°C) of the mid-coast Maine region 
exhibited a significant over-expression of transcripts likely associated with the immune response and 
cuticle formation compared to lobsters exposed to either 18°C or 22°C (Table 3.4; Figures 3.6, 3.8). In 
contrast, as exposure temperature increased, postlarvae exhibited a significant over-expression of 
transcripts associated with metabolic turnover and DNA replication and repair relative to those exposed to 
cooler temperatures. This suggests a major shift in the transcriptome that reflects a strong emphasis on 
oxygen- and energy-demanding processes at the potential cost of reduced immunity and development as a 
consequence of warming. We therefore focus on the potential risks to H. americanus due to this trade-off 
and how survival post-settlement may be impacted under a changing climate. 
3.5.1. Compromised Innate Immunity  
Although invertebrates lack adaptive immunity, they possess a complex innate immune system 
that is capable of distinguishing self from non-self, eliminating pathogens, and healing wounds while 
repairing cellular damage using both humoral and cellular mechanisms (Hoffman, 2003; Royet, 2004; 
Cerenius and Soderhall, 2011). In H. americanus, this system consists of a variety of pattern recognition 
receptors (PRRs) and effector cells that recognize and bind to pathogen associated molecular patterns 
(PAMPs; highly conserved molecular structures common and unique to microorganisms – Ghosh et al., 
2012); antimicrobial peptides (AMPs), which are small, cationic, amphipathic molecules that are active 
against Gram-negative and Gram-positive bacteria, yeasts, fungi, various parasites, and enveloped viruses 
(Zasloff et al., 2002); coagulation and melanization pathways; and PRRs similar to the vertebrate 
complement system (Clark and Greenwood, 2016; Bowden, 2017). Postlarvae reared under 16°C 
significantly over-expressed transcripts associated with the innate immune response 2.2- to 8.3-fold (log2 
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FC values of 1.1 – 3.0) when compared to postlarvae reared under warmer temperatures. These included 
transcripts annotated to proteins that exhibit peptidase inhibitor activity (AMP type 2 precursor, crustin, 
crustin 2 – Rosa et al., 2007; Pisuttharachai et al., 2009; Kim et al., 2013); Toll-like receptors (TLR), 
which are essential components of the TLR-mediated NF-kB pathway that induces an immune response 
via immune gene expression regulation (Spätzle 1, 3, and 4 – Wang et al., 2012; Clark and Greenwood, 
2016); non-specific protease inhibitors that bind to and neutralize pathogenic proteases (A2M and A2M 
isoform 2 – Lin et al, 2008; Ma et al., 2010); and an anti-apoptosis and anti-inflammatory factor (hormone 
receptor – Wang et al., 2018; Tables 3.4, A.1; Figures 3.6, 3.8). This indicates that ocean warming 
reduces the expression of components involved in a variety of immune pathways, potentially increasing 
disease susceptibility under warming. Postlarvae are at risk for a variety of microbial diseases (Fisher et 
al., 1978), the spread of which could be impacted by increasing temperature. In adult H. americanus, 
warming events have been linked to mass die offs and an increased incidence of epizootic shell disease 
(ESD) across the southern extent of the species range (Pearce and Balcolm, 2005; Wahle et al., 2009). 
While ESD prevalence has remained < 2% in lobsters sampled along the Maine coast (relative to 20 – 30 
% in Southern New England), the highest levels of disease prevalence occurred in 2013 and 2017, which 
followed the two warmest years in the region since 2005 (ME DMR 2017). Progression of ESD is 
accelerated under warmer temperatures (Barris et al., 2018), and estimates predict that population-level 
impacts of ESD may increase as ocean temperatures continue to rise (Groner et al., 2018). Although much 
of the research on ESD in H. americanus has focused on adults, postlarvae may be vulnerable to this 
disease due to the relatively thin exoskeleton at this stage (Fisher et al., 1976, 1978). This may be 
particularly important in the context of ocean warming as we found that postlarvae reared under 16°C 
also expressed transcripts involved in cuticle formation and chitin metabolism at levels 4.5 – 14.4 (log2 
FC values of 2.2 – 3.9) times greater than those reared at 18°C and 22°C (Tables 3.4, A.1; Figures 3.6, 
3.8). These transcripts were annotated to proteins involved in the mineralization of the pre-exuvial cuticle 
(early cuticle proteins 2, 5, and 6 – Shafer et al., 2009), calcification of the exoskeleton (calcification-
associated soluble matrix protein 2 – Inoue et al., 2008), ecdysis (chitinase and chitinase 2 – Fujitani et 
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al., 2014), and chitin-binding processes (cuticle protein and cuticle-like protein – Anderson, 1999; Inoue 
et al., 2003), suggesting that multiple aspects of proper exoskeletal formation may be compromised under 
warming conditions. Although postlarvae have a much higher molt frequency, and presumably greater 
chance of removing ESD than adults, they may encounter difficulties during molting due to adhesion of 
tissues to the cuticle (Fisher et al., 1978), which could be compounded by improper cuticle development 
and potentially lead to molt death syndrome.  
Together, these data indicate that postlarval H. americanus exposed to both moderate (18°C) and 
severe (22°C) warming scenarios during development may be at a greater risk to pathogens due to 
compromisation of both the primary defense against pathogens (the exoskeleton) and multiple 
components of the innate immune system. Previous molecular studies of adult H. americanus have 
demonstrated the ability of lobsters to mount both pathogen- and tissue-specific immune responses (Clark 
et al., 2013a, 2013b, 2013c; Clark et al., 2015). To our knowledge, similar studies have not been 
conducted on the postlarval stage, especially in the context of environmental change. Future research 
would therefore benefit from assessing changes to the larval transcriptome following an immune 
challenge to more fully understand how a changing climate might impact disease susceptibility.  
3.5.2. Elevated Energetic Demands  
Physiological processes are highly dependent on temperature, and an increase in temperature by 
just 1°C may increase metabolic rates by 5 – 10%, greatly increasing oxygen and energy demands 
(Somero et al., 2015, 2017). In order to meet these energetic demands, organisms must generate ATP by 
either substrate-level phosphorylation (via glycolysis and TCA cycle) or oxidative phosphorylation (via 
the ATP synthase complex; Sokolova et al, 2012; Somero et al., 2017), as well as produce the reducing 
equivalents (NADH, NADPH, and FADH2) needed to deliver electrons to the electron transport chain to 
drive oxidative phosphorylation (Somero et al., 2017). Postlarvae reared under 22°C significantly over-
expressed transcripts related to amino acid metabolism, carbohydrate metabolism, the TCA cycle, 
glycolysis/gluconeogenesis, pyruvate metabolism, and lipid metabolism (as indicated via KAAS pathway 
analysis; Table A.1). We also found that lobsters reared under 22°C expressed transcripts annotated to 
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acyl-CoA ∆-9 desaturase and ∆-9 desaturase, proteins involved in fatty-acid metabolism (Guo et al., 
2013), at levels that were 2.9 and 3.1 times greater, respectively, than postlarvae reared at 16°C (Figure 
3.6). Furthermore, expression of transcripts annotated to NADH-dehydrogenase subunit 2 (also termed 
NADH-ubiquinone oxidoreductase chain 2, ND2) was 7.1- and 4.9-fold higher in postlarvae reared at 
22°C and 18°C, respectively, relative to those at 16°C. ND2 functions as the core subunit of Complex I in 
the electron transport chain, and is responsible for the initial transfer of electrons from NADH to the 
immediate receptor, ubiquinone (Kim et al., 2011; Somero et al. 2017), which suggests an increase in 
electron transport under warming. Similarly, purple urchins (S. purpuratus) collected from southern 
portions of its distribution along the West Coast of the USA exhibited higher expression levels of genes 
related to metabolism, electron transport, and protein translation termination relative to urchins collected 
from northern sites that were 5 – 8°C cooler in temperature when reared under common garden conditions 
(Pespeni et al., 2013). Moreover, Pespeni et al. (2013) demonstrated that southern S. purpuratus likely 
possess a greater scope for growth (the difference between energy input as food and output as respiratory 
metabolism) based on these genetic differences, which was corroborated by a 10% increase in the rate of 
re-growth of urchin spines relative to northern urchins. Larval development time in H. americanus is 
significantly reduced in lobsters reared under 22°C relative to 16°C (Harrington et al., 2019), and 
postlarvae reared at 22°C significantly over-expressed transcripts affiliated with DNA repair and 
replication processes, cell cycle (cell growth and death), and tRNA biogenesis (KAAS pathway analysis; 
Table A.1). Additionally, postlarvae reared at 22°C expressed transcripts annotated to genes involved in 
DNA replication initiation and elongation (DNA primase-like protein and DNA replication licensing 
factors MCM2, MCM3, MCM5, and MCM7) and transcription elongation (FACT complex subunit 
SPT16) at levels that were 2.2 – 3.4 times greater than those reared at 16°C (Figure 3.6). These data 
suggest that postlarvae were likely able to meet the ATP demands associated with development and 
growth under warming conditions in a laboratory setting. However, elevated aerobic metabolism cannot 
be maintained if ATP supply (i.e., food availability) does not match ATP demand (Sokolova et al., 2012). 
Here, developing lobsters were fed live Artemia spp. to satiation and were thus not food limited up to 
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stage IV; however, recent research suggests a potential mismatch between the natural timing of H. 
americanus settlement and the peak abundance of a major food source, Calanus finmarchicus, under 
warming conditions (Carloni et al., 2018). It is therefore possible that postlarval H. americanus will be 
unable to meet the increasing energy demands associated with ocean warming due to declines in prey 
availability, which could result in reduced post-settlement survival in the face of future change.    
3.5.3. Caveats 
One major caveat associated with transcriptomics is that concentrations of mRNAs and 
corresponding proteins cannot be considered proportional without validation due to the differential 
lifetimes and translation rates of mRNAs (Lesk, 2013; Evans, 2015). Additional challenges arise for non-
model organisms that lack a completely sequenced genome, as the amount of functionally annotated 
genetic information available on searchable databases is generally lacking and restricted to highly 
conserved pathways (Conesa et al., 2016). This presents challenges in discovering novel genetic 
adaptations that are unique to groups found in challenging environments (Clark and Greenwood, 2016). 
Other challenges include determining the appropriate sample size, accounting for alternative splicing, and 
integration with other types of data (e.g., DNA sequencing, DNA methylation, microRNAs – Conesa et 
al., 2016). These and additional challenges affiliated with pathway analyses continue to be addressed 
through the advent of new technological approaches (Grabherr et al., 2011; Khatri, 2012). However, 
transcriptomic approaches alone may not always indicate physiological changes in response to a changing 
environment. Transcriptomics focuses primarily on differentially expressed genes with large fold 
changes; however, these genes are often considered dispensable and redundant in function and may 
contribute only marginally to overall fitness levels relative to constitutively expressed “hub” genes that 
exhibit stable expression levels but have huge impacts on the expression or post-translational 
modifications of downstream genes in response to environmental stressors (Evans, 2015). Moreover, 
understanding protein activity and changes in energy allocation provides a more robust assessment of 
fitness during environmental stress (Evans, 2015; Pan et al., 2015), demonstrating the importance of 
supplementing transcriptomic data with other metrics of physiology in order to understand the full 
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organismal response to a changing environment. Finally, it is important to acknowledge the potential for 
contaminating eukaryotes (e.g., ciliates that may occur on or in the species of interest) to influence the 
results of transcriptomic analyses. Exercising caution while reviewing blastX hits during the annotation 
process can help eliminate suspect annotations prior to analyses, particularly in non-model species.  
3.5.4. Concluding Remarks  
We observed a shift in the postlarval lobster transcriptome as a result of exposure to warming 
conditions during development. Postlarvae reared under current summer conditions in the mid-coast 
Maine region over-expressed transcripts related to immunity and cuticle formation relative to those reared 
under temperatures that were 2°C and 6°C warmer. However, as rearing temperature increased, the 
abundance of significantly over-expressed transcripts affiliated with metabolic turnover increased, 
suggesting a cellular focus on meeting the demands of increased metabolic rates under warming at the 
potential expense of the immune response. Postlarval lobsters are at risk to a number of pathogens upon 
settlement, the spread of which may be enhanced under warming ocean temperatures. Postlarvae may also 
be particularly vulnerable to disease when experiencing dietary deficiencies (Fisher et al., 1976), which 
may already be contributing to post-settlement mortality in H. americanus as the zooplankton assemblage 
shifts as a consequence of warming (Carloni et al., 2018). Insufficient resources may also increase post-
settlement mortality if lobsters are unable to meet the energetic and oxygen demands of a warming 
environment due to Q10 effects. Future efforts should focus on validating the findings presented here via 
RT-qPCR, as well as conducting subsequent physiological and behavioral assays to determine the 
additional downstream impacts of the observed changes in the transcriptome of H. americanus post-
settlement. We also acknowledge that postlarval lobsters will not face ocean warming in isolation and 
suggest that future research should also explore changes in the transcriptome in the context of multiple 





OCEAN ACIDIFICATION ALTERS THERMAL CARDIAC PERFORMANCE, HEMOCYTE 
ABUNDANCE, AND HEMOLYMPH CHEMISTRY IN SUBADULT AMERICAN LOBSTERS 
HOMARUS AMERICANUS H. MILNE EDWARDS, 1837 (DECAPODA: MALCOSTRACA: 
NEPHROPIDAE) 
4.1. Chapter Abstract 
Increased anthropogenic input of carbon dioxide into the atmosphere has caused widespread patterns of 
ocean acidification (OA) and increased the frequency of extreme warming events. We explored the 
sublethal effects of OA on the hemolymph chemistry and physiological response to acute thermal stress in 
the American lobster (Homarus americanus H. Milne Edwards, 1837). We exposed subadult lobsters to 
current or predicted end-century pH conditions (8.0 and 7.6, respectively) for 60 days. Following 
exposure, we assessed hemolymph L-lactate and calcium concentrations (as indicators of oxygen carrying 
capacity), ecdysterone concentrations, total protein content, and total hemocyte counts (THCs) as an 
indicator of immune response. We also assessed cardiac performance in the context of an acute warming 
event using impedance pneumography. Calcium, total protein, and ecdysterone concentrations were not 
significantly altered (P ≥ 0.10) by OA exposure. Control lobsters, however, had significantly higher levels 
of L-lactate concentrations compared to acidified lobsters, suggesting reduced oxygen carrying capacity 
under OA. THCs were also 61% lower in acidified vs. control lobsters, suggesting immunosuppression 
under chronic OA. Lobsters exposed to acidified conditions exhibited reduced cardiac performance under 
acute warming as indicated by significantly lower (P = 0.040) Arrhenius Break Temperatures compared 
to control lobsters. These results suggest that although some physiological endpoints of American lobster 
are not impacted by OA, the stress of OA will likely be compounded by acute heat shock and may present 
additional physiological challenges for this species in the face of future change.   
4.2. Introduction 
Increases in anthropogenic carbon dioxide (CO2) into the atmosphere from the mid-20th century 
onward have resulted in widespread patterns of ocean acidification (IPCC, 2013). The pH of surface 
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ocean waters has decreased (i.e., become more acidic) by 0.1 units since the beginning of the Industrial 
Revolution (IPCC, 2013), which will likely pose a particular threat to marine calcifying invertebrates. 
Ocean acidification (OA) alters the concentration of carbonate ions, reducing the saturation state of 
seawater with respect to the carbonate minerals marine calcifiers use to construct hard parts (i.e., 
aragonite and high- and low-magnesium calcite; Ries et al., 2009, 2011). OA has been linked to direct 
negative effects on marine calcifying organisms, including reduced growth, development, and 
calcification, and could also result in reduced reproductive output and ultimately death (Kroeker et al., 
2010, 2013; Browman, 2016). OA may also disrupt olfaction (Kim et al., 2016), behavior (Dissanayake 
and Ishimatsu, 2011), internal chemistry (Dissanayake et al., 2010), and energy allocation (Pan et al., 
2015) in a number of species. Although there is a general lack of data on the impact of environmental 
factors on crustacean immunity (Le Moullac and Haffner, 2000), research suggests the potential for OA 
and warming to be immunosuppressive (Hernroth et al., 2012; Wang et al., 2016). The full consequences 
of OA, however, are as of yet unknown (Browman, 2016), and there are inconsistent trends across taxa 
(Hendriks et al., 2010; Whiteley, 2011; Kroeker et al., 2013; Wittmann and Pörtner, 2015; Przeslawski et 
al., 2015), as well as ontogeny (Ceballos-Osuna et al., 2013; Small et al., 2015, 2016; Davis et al., 2016, 
2018), which makes it difficult to construct generalizations.  
Crustaceans can adjust the acid-base balance within the hemolymph in response to environmental 
perturbations (Whiteley and Taylor, 2015). Hemolymph pH is regulated through the passive buffering of 
CO2 via alterations in the carbonate system, mainly through the exchange of H+ and HCO3– ions across 
the gills, and through changes in the concentrations of non-carbonate species, such as proteins. There is 
likely a threshold for compensation in buffering capacity that is both species- and stage-specific, and 
chronic exposure to acidified conditions can disrupt the capacity of this buffering and cause an internal 
acidosis (Spicer et al., 2007; Pörtner, 2008; Whiteley, 2011; Whiteley and Taylor, 2015). This build-up of 
H+ ions further lowers hemolymph pH, which reduces the ability of hemocyanin to successfully bind to 
oxygen (Truchot, 1975; Olianas et al., 2009) and leads to a disruption in oxygen delivery (Whiteley and 
Taylor, 2015). During low-oxygen conditions (hypoxia), crustaceans employ both organic (e.g., L-lactate, 
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urate, sulfide) and inorganic (e.g., H+, Ca2+, Mg2+, Cl–) molecular modulators to maintain hemocyanin’s 
oxygen affinity, thus assisting in oxygen delivery (Bridges, 2001). However, little work has been 
dedicated to understanding how the concentrations of these molecular modulators change in the context of 
OA. Limited research suggests these modulators increase in concentration as a result of acute exposure to 
acidified conditions but may decline in the face of chronic exposure (Knapp et al., 2015, 2016).  
Elevated levels of atmospheric CO2 have also been implicated in widespread patterns of ocean 
warming, as well as an increase in the frequency of occurrence of extreme warming events (Hansen et al., 
2012; IPCC, 2013; Smale et al., 2019). Physiological processes are heavily influenced by environmental 
temperature, and aerobic performance has an optimal temperature range marked by upper and lower 
thermal limits that are characterized using the oxygen- and capacity-limited thermal tolerance (OCLTT) 
concept (Pörtner and Farrell, 2008; Pörtner et al., 2017; Somero et al., 2017). As organisms encounter 
thermal limits, the ability to supply oxygen to tissues to meet demands becomes constrained and 
performance declines (Pörtner et al., 2017). Thermal performance windows can shift through 
acclimatization and evolutionary processes, resulting in greater tolerance thresholds based on 
environmental exposure (Pörtner, 2010). The unpredictable occurrence and duration of abrupt and 
extreme warming events, however, may preclude organisms from acquiring effective responses to a 
rapidly changing environment. Moreover, exposure to additional stressors, like acidification, further 
compresses an organism’s performance curve and narrows thermal limits (Pörtner, 2008, 2010; Sokolova 
et al., 2012). For example, spider crabs (Hyas araneus) exposed to temperature extremes have reduced 
aerobic scope in performance that is made worse under concomitant exposure to elevated pCO2 (Zittier et 
al., 2013). Similarly, exposure to acidified conditions causes increased sensitivity to thermal stress in the 
edible crab (Cancer pagurus – Metzger et al., 2007) and the intertidal limpet (Cellana toreuma – Wang et 
al., 2018).  
We explored the sublethal effects of OA on the American lobster (Homarus americanus H. Milne 
Edwards, 1837). Distributed from North Carolina, USA, to Newfoundland, Canada, the American lobster 
sustains the most economically valuable fisheries species in the Northeastern United States and Atlantic 
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Canada (Steneck et al., 2011). Across much of its range off New England, H. americanus may encounter 
waters that are particularly at risk for acidification due to the region’s low buffering capacity resulting 
from high freshwater input and low temperatures, which dilutes both alkalinity and dissolved inorganic 
carbon (Gledhill et al., 2015). Lobsters may also encounter areas where high nutrient and freshwater 
inputs create corrosive plumes of water capable of not only reducing calcification rates and destroying 
shells of organisms, but also of producing high rates of productivity that result in a subsequent buildup of 
carbon dioxide (Gledhill et al., 2015). In addition to warming at some of the most accelerated rates on the 
planet, the Northwest Atlantic has also experienced an increase in abrupt warming events in the last 
decade (Sherman et al., 2009; Taboada and Anadón, 2012; Pershing et al., 2015; Smale et al., 2019). For 
example, the 2012 ocean heat wave in the Northwest Atlantic was the largest and most intense warming 
event recorded over the last 30 years in the region (Mills et al., 2013), and it produced sea surface 
temperatures that were at least 1.1°C above the 1950 – 2014 climatology for the region (Scannell et al., 
2016). We therefore examined how exposure to reduced pH impacts the hemolymph chemistry of 
subadult H. americanus (50 – 65 mm carapace length (CL)) and their ability to maintain aerobic 
performance under an additional acute thermal stress. Specifically, we explored if exposure to acidified 
conditions alters the concentrations of L-lactate and calcium (Ca2+), molecular modulators known to 
affect the oxygen carrying capacity of hemocyanin in other crustaceans (Ahearn et al., 2004; Small et al., 
2010; Knapp et al., 2015, 2016). We also used total hemocyte counts (THCs) as indicators of immunity as 
a first step to understanding if OA exposure is immunosuppressive, as has been demonstrated in the 
Norway lobster (Nephrops norvegicus – Hernroth et al., 2012). We subsequently conducted an acute 
thermal challenge post-exposure to test the hypothesis that exposure to acidified conditions increases 
thermal sensitivity and reduces aerobic performance in lobsters. These data provide the first attempt to 
explore the potential sublethal effects of OA on subadult lobsters, a relatively understudied life history 
stage, and is the first study to address how exposure to acidified conditions alters the physiological 
response of lobsters to an acute and extreme warming event. This work also serves as the foundation upon 
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which to build future studies exploring the combined effects of OA and warming on this important 
species. 
4.3. Materials and Methods 
4.3.1. Experimental Setup 
We constructed four identical 708 l recirculating seawater systems at the Aquaculture Research 
Center (ARC), Orono, ME, each consisting of four replicate and sealed 75 l tanks, for a total of 16 
experimental tanks. Systems were filled with pre-mixed seawater (Tropic Marin® Pro Reef salt, salinity 
35 ppt, pH 8.1; Tropic Marin USA, Montague, MA, USA) and the temperature was maintained at 12 – 
13°C across all systems. Two systems were designated control systems where the pH was maintained at a 
target level of 8.0 across the eight replicate tanks (four tanks per system; see Table 4.1), and the other two 
were designated the acidified systems where the pH was lowered to 7.6 through the diffusion of beverage-
grade carbon dioxide. Prior to entering the systems, carbon dioxide was removed from the incoming air 
source using a CAS1-11 CO2 adsorber/dryer (dual desiccant tower) (PUREGAS, Broomfield, CO, USA). 
We used Durafet pH sensors (Honeywell, Morris Plains, NJ, USA) calibrated twice weekly using NBS 
buffers (Thermo Fisher Scientific, Waltham, MA, USA) and verified twice monthly via 
spectrophotometry (see Riebesell et al., 2011) and a Pentair Point FourTM RIU (Pentair Aquatic Eco-
Systems, Cary, NC, USA) to monitor and maintain the desired pH levels in our systems, and a LI-COR® 
LI-840A CO2/H2O gas analyzer (LI-COR, Lincoln, NE, USA) to monitor pCO2 in the head space of each 
tank, the experimental room, and atmospheric conditions. Pure nitrogen gas was used to zero the LI-840A 
prior to each use. 
Female, subadult lobsters (50 – 65 mm CL) were obtained from the Ventless Trap Survey of the 
Maine Department of Marine Resources (ME DMR) in August 2017. Lobsters within this size range are 
in transition from adolescence, which is marked by physiological maturity (i.e., oogenesis and 
spermatogenesis) but not functional maturity, to adulthood, which is marked by successful mating 
(Lavalli and Lawton, 1996). As such, any negative effects of environmental stressors on the fitness of this 
stage may have major downstream impacts on the population as a whole. We focused specifically on 
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female subadults to control for the potential of sex-specific responses to OA (Ellis et al., 2014). Lobsters 
were held at the ARC for four months prior to use in the trial, and as such were acclimated from summer 
to winter water temperatures (18°C and 12°C, respectively) following the seasonal temperature change 
occurring in nature. Three lobsters were randomly assigned to each tank of the four experimental systems 
in December 2017 (N = 24 per pH treatment) and allowed to acclimate for one week prior to the initiation 
of the experiment. Lobsters were exposed to experimental pH conditions for 60 d. We conducted daily 
measurements of temperature, dissolved oxygen, salinity, pH, and pCO2; observed lobsters for overall 
health twice-daily and fed them twice-weekly; and assessed water quality twice-weekly using a Hach® 
DR1900 portable spectrophotometer (Hach, Loveland, CO, USA). We also collected additional water 
samples for total alkalinity (AT) via titration twice-weekly (Riebesell et al., 2011). A subset of these 
measurements was then used in the program CO2SYS to calculate carbonate chemistry (Pierrot et al., 
2006), with constants from Mehrbach (1973) and refit by Dickson and Millero (1987), KHSO4 from 





Table 4.1. Water chemistry in tanks over the course of the experiment (mean ± SE). Parameters 
calculated using CO2SYS are indicated by an asterisk *. 
 
 
Parameter    Acidified  Control 
 
Salinity ppt               35 ± 0.001            35 ± 0.002 
Dissolved oxygen mgL-1            10.07 ± 0.03           10.26 ± 0.02 
Oxygen saturation (%)                      93.4           95.1 
Temperature °C              12.5 ± 0.003            12.3 ± 0.03 
pHNBS              7.60 ± 0.002           7.95 ± 0.002 
AT µmolkg-1             2140.7 ± 15.8           2138.9 ± 18.0 
*HCO3- µmolkg-1            2033.07 ± 15         1931.79 ± 15 
*CO32- µmolkg-1              41.64 ± 0.4             83.18 ± 0.9 
*Ωcalcite                           0.99 ± 0.01            1.99 ± 0.02 
*Ωaragonite                     0.63 ± 0.01            1.25 ± 0.01 
*pCO2 ppm                        850.45 ± 11              486.4 ± 5 
 
 
4.3.2. Biological Assays 
Approximately 1.5 ml of hemolymph was collected from each lobster after 60 d. Briefly, the 
dorsal side of the abdomen was disinfected using 70% ethanol and hemolymph was collected from the 
abdominal sinus using a 26-gauge needle and a sterile 2.0 ml syringe. Samples were centrifuged at 10,000 
g for 10 min at 4°C to obtain cell-free hemolymph. From this, 500 µl was deproteinated with 500 µl of 
cold 0.5 M metaphosphoric acid and centrifuged at 10,000 g for 5 min before neutralizing the supernatant 
with 50 µl potassium carbonate. This mixture was centrifuged again at 10,000 g for 5 min to remove 
precipitated salts, and the resulting supernatant was removed and stored at –80°C until assayed for L-
lactate concentration using a spectrofluorometric assay kit (Cayman Chemical, Ann Arbor, MI, USA). 
The remaining plasma was aliquoted and stored at –80 °C until analysis for protein, calcium, and 
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ecdysterone. Although we had intended to assay hemolymph samples from all 48 lobsters in all tests 
described below, we were often limited to a smaller subset due to sample coagulation. As such, the 
sample size for each assay is reflected below. 
We measured total protein content as an indicator of stress (Taylor et al., 1997; Lorenzon et al., 
2007; Bernardi et al., 2015) using the microplate procedure of the PierceTM BCA Protein Assay Kit 
(Thermo Fisher Scientific) and bovine serum albumin as our standard. Standards and samples (at a 1:9 
dilution with ultrapure water) were pipetted in duplicate into the wells of a 96-well plate (N = 14 lobsters 
per pH treatment). Absorbance at 562 nm was read using a BioTek® SynergyTM2 Microplate Reader 
(BioTek Instruments, Winooski, VT, USA).  
We selected calcium and L-lactate as focal molecular modulators as they have been the target of 
previous efforts exploring oxygen carrying capacity of hemocyanin in other species of lobster, e.g., 
Homarus gammarus (Zeis et al., 1992 and Nies et al., 1992 – cited as H. vulgaris), Palinurus gilchristi 
(Olianas et al., 2009), and Jasus lalandii (Knapp et al., 2015, 2016). We measured total calcium content 
using the Cayman Chemical Calcium Assay Kit (Cayman Chemical, Ann Arbor, MI, USA) according to 
kit instructions. Aliquots were thawed and diluted 1:10 with 10X Assay Buffer (100 mM Tris-HCl, pH 
7.0). Samples and standards were pipetted in duplicate and absorbance was read at 575 nm using a 
BioTek® SynergyTM2 Microplate Reader (N = 16 lobsters per pH treatment). L-lactate concentration was 
measured using a Cayman Chemical L-lactate Assay Kit according to kit instructions. Aliquots were 
thawed and diluted 1:2 with Assay Buffer (50 mM potassium phosphate, pH 7.5). The fluorescence was 
read on a BioTek® SynergyTM2 Microplate Reader using an excitation wavelength of 540 nm and an 
emission wavelength of 590 nm (N = 16 lobsters per pH treatment). 
We used the 20-Hydroxyecdysone (ecdysterone, 20E) Enzyme Immunoassay (EIA) kit (Bertin 
Bioreagent, Montigny le Bretonneux, France) to explore if OA influences the concentration of the 
primary molting hormone in crustaceans (Chang and Mykles, 2011). Following kit instructions, 
hemolymph was extracted twice using ether and pipetted in duplicate to the wells of a 96-well plate at a 
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1:20 dilution with EIA buffer. Absorbance was read at 405 nm on a BioTek® ELx808™ Absorbance 
Microplate Reader (BioTek Instruments; N = 12 lobsters per pH treatment). 
4.3.3. Total Hemocyte Counts 
 We measured THCs as an indicator of total immune response (Battison et al., 2003; Dove et al., 
2005; Battison, 2006). A 200 µl aliquot of hemolymph was drawn from each lobster as stated above and 
placed in a pre-weighed glass vial containing 800 µl of fixative (10% buffered formalin in filtered, 
sterilized seawater). The ratio of hemolymph to fixative was calculated using mass-differences. Samples 
were aspirated with a pipette, and three independent 10 µl subsamples were added to a separate KOVA 
Glasstic® Slide 10 with Grids hemocytometer (Kova International, Garden Grove, CA, USA). For each 
subsample, the total number of hemocytes was counted three times, and an average was calculated. Final 
THCs for each individual were averaged from the subsamples and standardized to account for 
hemolymph : fixative dilutions among individuals (Basti et al., 2010; Harrington et al., 2019). All 
samples were stored for no more than four days at 4°C prior cell counting (N = 18 lobsters per pH 
treatment).   
4.3.4. Cardiac Performance 
To determine if chronic exposure to OA influences the thermal physiology of subadult lobsters, 
we conducted a post-exposure acute thermal stress experiment in which cardiac performance was 
assessed using impedance pneumography (Braby and Somero, 2006; Camacho et al., 2006). Lobsters (N 
= 18 per pH treatment) were given a recovery period of at least 32 h following hemolymph sampling, 
after which a pin vice was used to hand drill (part-way) through the lobster carapace on either side of the 
pericardial space. A sterile dissecting needle was used to finish each hole to prevent extensive damage to 
the animal. Electrodes made of 36 – 38-gauge magnetic wire were inserted into the holes and secured to 
the carapace using cyanoacrylate glue. Once the glue was dry, lobsters were place into a water bath 
(12°C) for a 25 min acclimation period. Following the acclimation period, lobsters were moved into the 
experimental arena where water temperature was increased from 12°C to 28°C over the course of 2 hr 30 
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min using a Fisher Scientific™ Isotemp™ refrigerated/heated bath circulator. Temperature was recorded 
using a T-type Thermocouple Probe and T-type Pod (ADInstruments, Colorado Springs, CO, USA), and 
lobster heart rate was recorded using a PowerLab® Data Acquisition System (ADInstruments).  
4.3.5. Statistical Analyses 
We used an independent-samples t-test to first determine the effect of system (i.e., within 
treatment differences) on total protein content, THC, and the concentrations of calcium, L-lactate, and 
ecdysterone. With the exception of calcium concentration, we found no significant differences across 
systems within treatments. As such, data were pooled across systems and we report here only on the 
across-treatment (i.e., pH) differences. We nevertheless used a General Liner Model (GLM) followed by 
post hoc LSD tests to determine the effect of system and treatment on calcium concentrations (Zar, 2010). 
We used a two-way mixed ANOVA to determine if there were differences in lobster heart rate between 
the acidified and control pH treatments over the course of the temperature ramp. We chose this approach 
over a two-way repeated measures ANOVA (e.g., Camacho et al., 2006) as we had an unequal sample 
size across our pH treatments. Heart-rate data were then transformed and fit with a piece-wise regression 
to determine the Arrhenius Break Temperatures (ABTs; the temperature at which heart rate begins to 
decrease with increasing temperature; Stenseng et al., 2005; Camacho et al., 2006) as an indicator of the 
thermal limit of capacity. We used Levene’s test to assess equal variance across groups (P > 0.05) and 
Shapiro-Wilk’s test to assess normality (P > 0.05). THC and ABT data were log transformed to meet test 
assumptions. L-lactate data failed to meet the assumption of equal variance, and these data were analyzed 
using a Welch’s t-test to determine if there were differences in concentrations between acidified vs. 
control lobsters. All tests were performed using IBM® SPSS® Statistics Version 24. 
4.4. Results 
Mean total protein content was not significantly different across treatments (t = 0.32, df = 28, P = 
0.76; Figure 4.1A). Similarly, mean 20E concentration was not significantly different across treatments, 
but values were more variable in control vs. acidified lobsters (t = 1.04, df = 28, P = 0.31; Figure 4.1B). 
Overall, mean calcium concentration was slightly higher in acidified vs. control lobsters, although this 
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was not statistically significant (GLM: F3,35 = 2.09, P = 0.12; Figure 4.1C). This general trend was 
primarily driven by a significantly lower mean concentration in lobsters from one of the replicate control 
systems (post hoc LSD P < 0.05). Mean hemolymph L-lactate concentration was significantly reduced in 
acidified vs. control lobsters (Welch’s t = 2.93, df = 24.3, P < 0.01; Figure 4.1D). Mean THCs were 61% 
lower in acidified vs. control lobsters, demonstrating a strong trend for reduced hemocyte abundance (t = 
1.91, df = 39, P = 0.06; Figure 4.1E).  
The two-way mixed ANOVA failed to meet the assumption of sphericity (Mauchly’s test of 
sphericity: "2 = 747.6, P < 0.001); as such, we used the Greenhouse-Geisser correction when interpreting 
our results (Maxwell and Delaney, 2004). We found no significant interaction between pH treatment and 
temperature on lobster heart rate (F3.25,104.07 = 0.44, P = 0.74, #2 = 0.013). There was nevertheless a 
significant increase in heart rate for all lobsters as temperature increased throughout the acute exposure 
period (F3.25,104.07 = 190.56, P < 0.001, #2 = 0.86; Figure 4.2). Over the course of the 2 hr 30 min acute 
warming exposure, control lobsters had higher mean heart rates compared to lobsters in the acidified 
group, especially between 18 – 24°C (Figure 4.2). Moreover, mean ABT was significantly higher in 
control vs. acidified lobsters (t = 2.09, df = 35, P = 0.04; Figure 4.2) at 26.3 ± 0.4ºC and 25.2 ± 0.4ºC, 
respectively. It should be noted that this test was not physiologically stressful enough to induce mortality, 
and although heart rate was not measured again to ensure cardiac performance returned to baseline 






Figure 4.1. Biological assays of the hemolymph of subadult Homarus americanus following exposure to 
acidified (black) or control (white) pH conditions depicted as mean + SE. Total protein content (N = 14 
lobsters per treatment) (A). Ecdysterone (20E) concentrations (N = 12 lobsters per treatment) (B). 
Calcium concentration (N = 8 lobsters per system), where the asterisk (*) indicates significance based on 
a GLM followed by post hoc LSD tests (P < 0.01) (C). L-lactate concentration (N = 16 lobsters per 
treatment) where the asterisk (*) indicates significance based on a Welch’s t-test (P = 0.01) (D). Total 






Figure 4.2. Mean heart rate (± SE) for Homarus americanus in the acidified (black circles) and control 
(white circles) treatments over the temperature ramp (N = 18 lobsters per treatment). The inset shows the 
mean ABT (+ SE) of acidified (black bar) vs. control (white bar) treatment lobsters. The asterisk (*) 
indicates significance at P < 0.05 in an independent samples t-test. 
 
4.5. Discussion 
To our knowledge, this is the first study to address how exposure to acidified conditions 
influences the physiological response of lobsters during an acute warming event. In line with the oxygen- 
and capacity-limited thermal tolerance (OCLTT) concept, we observed a steady and significant increase 
in heart rate as temperature increased during the acute thermal challenge (Figure 4.2), which we infer as 
an increase in metabolic rate to compensate for an increase in energy demand associated with moderate 
thermal stress (Pörtner and Farrell, 2008; Sokolova et al., 2012). Although there was no significant 
interactive effect of treatment pH and temperature on lobster heart rate, lobsters in the control group had 
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consistently higher heart rates compared to those in the acidified group, particularly between 17 – 25°C. 
Lobsters exposed to acidified conditions had significantly lower ABTs compared to lobsters in the control 
treatment, and this reduced cardiac performance as a consequence of low pH narrowed the thermal 
window of subadult lobsters by 1.1°C. Similarly, spider crabs (H. araneus – Walther et al., 2009) and 
edible crabs (C. pagurus – Metzger et al., 2007) exposed to acidified conditions exhibited a narrowing of 
the upper thermal window for performance by 1.5 – 3.9°C and 5°C, respectively, when compared to 
animals exposed to normocapnic conditions. Under the OCLTT framework, this suggests that chronic 
exposure to acidified conditions compresses the thermal performance curve, lowering the thermal limits 
of moderate and severe thermal stress in subadult H. americanus (Sokolova et al., 2012). As such, 
lobsters exposed to OA could be at risk for increases in oxidative cellular damage at lower temperatures 
compared to lobsters under normocapnic conditions, and they may incur greater short-term energetic costs 
in response to acute warming events to meet the energy demands associated with the stress response (e.g., 
antioxidant defense and the heat shock response; Sokolova et al., 2012; Pörtner et al., 2017). Although 
heart rate is often used as an indicator of a stress response and/or a proxy for metabolism, one must also 
consider stroke volume and contractility of the heart when assessing cardiac output (McGaw and Reiber, 
2015), metrics that are often difficult to measure in late-stage crustacean hearts in vivo. One could also 
measure hemolymph oxygen partial pressure in conjunction with the ability to perform an energy-
demanding behavior such as righting response (Zittier et al., 2013) to more fully explore if exposure to 
acidified conditions prevents organisms from meeting the increase in oxygen demand by tissues. While 
the results presented here offer compelling evidence that OA will impact the thermal physiology of 
subadult lobsters in the context of abrupt warming events, future research should benefit greatly from the 
inclusion of additional physiological and behavioral metrics.  
Both calcium and L-lactate have been the focus of numerous studies examining the role of 
molecular modulators on the oxygen carrying capacity of hemocyanin in lobsters (Zeis et al., 1992; Nies 
et al., 1992; Olianas et al., 2009; Knapp et al., 2015, 2016). We found no significant effect of OA 
exposure on the concentration of Ca2+, but concentrations of L-lactate were significantly reduced in 
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acidified vs. control lobsters (Figures 4.1C, D). Although concentrations of L-lactate in all lobsters here 
were slightly lower than those previously reported for un-manipulated European lobster H. gammarus 
(i.e., 0.26 ± 0.06 mM – Bouchet and Truchot, 1985; 0.5 ± 0.2 mM – Zeis et al., 1992), they are in line 
with measurements made on similarly sized rock lobster (J. lalandii) in the context of acute exposure to 
acidification (Knapp et al., 2016). Additional work on early-stage juvenile J. lalandii, however, found that 
exposure to hypercapnic conditions for 28 weeks significantly reduced Ca2+ concentrations by 38% 
relative to lobsters in normocapnic conditions, but did not significantly alter L-lactate concentrations 
(Knapp et al., 2015). Moderate exposure to low pH water also resulted in significant increases in the 
concentrations of Ca2+ and Mg2+ in the hemolymph of the velvet swimming crab (Necora puber – Small 
et al., 2010), and work on both the European lobster (Zeis et al., 1992; Nies et al., 1992) and the southern 
spiny lobster (Palinurus gilchristi – Olianas et al., 2009) indicated that urate was a more effective 
modulator than L-lactate, suggesting that alterations in molecular modulators in response to OA are likely 
species-specific. Future work with H. americanus would greatly benefit from an examination of changes 
in additional modulators in the context of acidification, particularly urate, as hemocyanin’s affinity for 
urate was 40 times that of L-lactate in the conger H. gammarus (Nies et al., 1992). We also acknowledge 
that while both calcium and L-lactate are known molecular modulators of hemocyanin, changes in their 
concentrations in the context of environmental stress should be interpreted with caution as they cannot 
replace the direct measurement of hemocyanin oxygen affinity.  
Showing a considerable trend toward significance (i.e., P = 0.06), lobsters exposed to acidified 
conditions had THCs that were 61% lower than THCs in control lobsters (Figure 4.1E), suggesting the 
potential for OA to be immunosuppressive. Norway lobsters (N. norvegicus) exposed to low pH for four 
months exhibited a similar 50% decline in THCs relative to control conditions, a difference that was 
accompanied by a 60% decline in phagocytotic activity (Hernroth et al., 2012). Importantly, hemocyte 
functionality may be compromised under OA without causing a significant change in THC, as was 
demonstrated in the blue mussel (Mytilus edulis) after 32 days of exposure (Bibby et al., 2008). Moreover, 
characterizing the status of hemocytes in circulation (i.e., dead or alive) in addition to activity level and 
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abundance may also elucidate sublethal effects of OA on hemocytes. For example, although THCs in 
Tanner crabs (Chionoecetes bairdi) exposed to acidified or control conditions for two years were not 
significantly different, the number of dead hemocytes in circulation, as well as rates of phagocytosis, were 
significantly higher under low pH conditions, suggesting that hemocytes were dying via apoptosis faster 
than could be removed phagocytotically by the remaining cells in circulation (Meseck et al., 2016). Taken 
together, these studies suggest that exposure to acidified conditions over moderate time scales has the 
potential to significantly affect several aspects of the primary cells of the immune response in calcifying 
invertebrates. To more fully understand the lobster immune response under acidification, however, future 
efforts should focus on describing additional characteristics, such as phagocytotic activity, ROS 
production, and levels of apoptosis (Bibby et al., 2008; Hernroth et al., 2012; Meseck et al., 2016; Wang 
et al., 2016). Most importantly, a follow-on pathogen challenge should be conducted to truly assess the 
impact of OA on immunity. Although we used only female lobsters to control for any potential sex-
specific responses to environmental stress (e.g., M. edulis – Ellis et al., 2014), future work would benefit 
from including males as well.  
Many of the parameters we measured can vary based on molting stage and nutritional condition 
of lobsters (i.e., calcium concentrations – Ahearn et al., 2004; total ecdysteroids – Snyder and Chang, 
1991; and protein content – Mercaldo-Allen, 1991). Although there has been little research examining the 
effect of OA on hormones involved in the molt cycle, it is possible that ecdysteroid secretion is inhibited 
by acidification as suggested for the white shrimp (Litopenaeus vannamei – Mustafa et al., 2015). We 
found no significant effect of OA on the concentration of 20E, and values were extremely variable across 
both treatment groups. We also found no significant effect of OA on total protein content, a metric 
commonly used as an indicator of acute stress, such as handling, transport, and temperature, in H. 
americanus (Taylor et al., 1997; Lorenzon et al., 2007; Bernardi et al., 2015). While we did not explicitly 
assess molt condition, the majority the measured values of 20E (Shrivastava and Princy, 2015), total 
protein content (Barlow and Ridgway, 1969; Mercaldo-Allen, 1991; Wang and McGaw, 2014), and 
calcium concentrations (Ahearn et al., 2004) were in line with published values for crustaceans in 
80 
 
intermolt. None of the lobsters we studied molted, making it difficult to speculate on the potential 
downstream effects OA might have on subadults. Previous research on early benthic juvenile European 
lobster suggests that exposure to acidified conditions may cause morphological deformities (Agnalt et al., 
2013) or lead to molt death syndrome (Small et al., 2016). Although our study attempted to explore the 
longer-term effects of OA on lobster, it would have benefited from sampling hemolymph throughout an 
extended exposure period that followed individuals throughout the molt cycle to determine both the pre- 
and post-molt health and survival of subadults. Moreover, as there are a number of other metrics of stress 
one could explore in addition to total protein content, such as CHH, glucose, glycogen, triglycerides, 
ammonia, and other ions (Taylor et al., 1997; Bernardi et al., 2015), as well as DNA damage (Yao and 
Somero, 2012), future work should benefit from exploring more explicit indicators of cellular stress. 
We have focused primarily on interpreting our results in the context of exposure to acidification 
but acknowledge that this stressor will not impact lobsters in isolation. Carbonate chemistry co-varies 
with temperature and oxygen in water masses (Reum et al., 2016), and temperature, pH, and salinity may 
act synergistically to negatively affect both survival and sublethal responses in early life stages of marine 
organisms (Przeslawski et al., 2015). This is particularly important in H. americanus as it not only 
experiences a 25°C range in temperatures across its distribution, but it also inhabits an area that is 
warming significantly faster than the global ocean (Pershing et al., 2015; Thomas et al., 2017). Previous 
research demonstrated that H. americanus has the potential to acclimate to warming over short time scales 
(i.e., 3 – 14 d), increasing its upper thermal limit for cardiac function by 5°C compared to those 
acclimated to cooler temperatures (Camacho et al., 2006; Qadri et al., 2007). It is unclear, however, if this 
acclimatory ability will persist under both OA and warming, or if it will be compromised as has been 
suggested by recent work on polar fishes (e.g., Trematomus bernacchii – Davis et al., 2016, 2018;  
Boreogadus saida – Kunz et al., 2018). Resilience to thermal stress associated with warming among 
invertebrates is compromised by the additional exposure to OA (e.g., intertidal limpet C. toremuma – 
Wang et al., 2018), and warming and high pCO2 act synergistically to shift thermal tolerance and reduce 
aerobic performance of the spider crab (H. araneus – Zittier et al., 2013). Research suggests that the 
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negative effects of OA on immunity are more evident in the presence of additional stressors such as 
temperature (Hernroth et al., 2012; Ellis et al., 2014) or hypoxia (Hernroth et al., 2015), further 
demonstrating the need to examine warming and OA in combination rather than in isolation. While we 
have addressed how exposure to OA influences the response of subadult lobsters to an acute warming 
event, future research should focus on the potential combined effects of OA and warming on the metrics 
measured in this study to truly address lobster acclimatory capacity in a changing environment. 
In conclusion, we found that although total protein, calcium, and ecdysterone concentrations were 
not significantly altered by exposure to reduced pH, we observed some important changes in hemolymph 
chemistry and physiological performance as a result of acidification. Lobster heart rate significantly 
increased during an acute thermal challenge in both treatment groups; however, lobsters exposed to 
acidified conditions had significantly lower ABTs compared to lobsters in the control treatment. This 
important difference indicates that decreased pH reduces cardiac performance, potentially compressing 
the thermal performance window of lobsters under abrupt warming events. Lobsters exposed to pH levels 
expected by the end of the 21st century could be at risk of reduced oxygen affinity of hemocyanin as 
indicated by the lower levels of L-lactate in acidified vs. control-treatment lobsters. Compounding these 
issues, the decline in THCs of acidified lobsters may result in reduced immune function relative to control 
lobsters, which could potentially increase disease susceptibility. These data suggest that subadult H. 
americanus could be negatively impacted by exposure to reduced pH levels, particularly in the context of 
acute thermal stress. Future efforts should focus on understanding the combined effects of OA and 
warming on lobster physiology both in terms of multiple physiological traits and plasticity (Magozzi and 
Calosi, 2015), as well as how these physiological changes relate to downstream processes (e.g., behavior, 









5.1. Overarching Goals 
The Gulf of Maine region is warming faster than almost anywhere in the world (Sherman et al., 
2009; Taboada and Anadón, 2012; Pershing et al., 2015; Thomas et al., 2017), and it may be particularly 
vulnerable to acidification due to its many terrestrial geochemical influences (e.g., high freshwater input 
and nutrient loading; Gledhill et al., 2015). Numerous studies suggest that both ocean warming and 
acidification will have negative effects on marine calcifying invertebrates (Kroeker et al., 2013; 
Browman, 2016), but the sublethal or sub-cellular effects of these environmental factors have rarely been 
addressed. The primary goal of this dissertation was to examine biological endpoints to evaluate climate 
change impacts on the American lobster (Homarus americanus). Larval development is significantly 
accelerated under warming conditions (MacKenzie, 1988; Barret et al., 2017); however, the sublethal 
effects of faster growth under warming conditions are unclear, including the potential costs associated 
with inherent increases in metabolic rates as a consequence of Q10 effects (Somero et al., 2015, 2017). 
Moreover, although reduced pH conditions may not pose a threat to bulk calcification in H. americanus 
(Ries et al., 2009, 2011), the full impacts of acidification on the physiology of lobsters is unknown, 
particularly for the relatively understudied subadult lobster stage. What is clear, however, is that the 
impacts of climate change are species- and stage-specific (Kroeker et al., 2013; Przeslawski et al., 2015; 
Small et al., 2015, 2016; Davis et al., 2016, 2018). As such, this dissertation aimed to address ocean 
warming and acidification across multiple life history stages of H. americanus to provide a greater depth 
of understanding of how a changing environment will influence the physiology of this economically 
important species.  
5.2. Statement of Major Findings 
In Chapters 2 and 3, I exposed newly-hatched lobsters to four nominal temperature regimes (14, 
16, 18, or 22°C) to examine the effects of ocean warming on the physiology, developmental stability, and 
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gene expression of larval lobsters. In Chapter 2, I determined that development proceeded significantly 
faster as temperature increased, and that cumulative survival was significantly positively correlated with 
temperature, in support of previous studies (e.g., MacKenzie, 1988; Barret et al., 2017). However, 
postlarvae reared under the extreme temperatures (14°C and 22°C) exhibited higher levels of stress, as 
indicated by elevated total hemocyte counts, a novel technique for work in larval lobster. Additionally, 
postlarvae exposed to the temperature extremes also expressed significantly lower levels of variance in 
midline asymmetry compared to those in intermediate temperature treatments. These findings indicate 
that the potential benefits of warming may be outweighed by increased stress levels that could potentially 
lead to increased disease susceptibility (Labaude et al., 2017). Moreover, reduced variation in midline 
asymmetry may suggest a reduction in the ability of postlarval H. americanus to respond to additional 
stressors (van Straalen and Timmermans, 2002; Venâncio et al., 2016), demonstrating that fluctuating 
asymmetry could prove a useful bioindicator for population resilience in lobsters. 
In Chapter 3, I continued to explore the potential downstream impacts of warming on developing 
H. americanus by investigating changes in the postlarval lobster transcriptome. Transcriptomics has 
proven a useful tool for exploring gene expression patterns in response to climate change in a variety of 
marine species (Lockwood et al., 2010; Moya et al., 2012; Evans et al., 2017; Wong et al., 2018), 
particularly in those that lack a fully annotated reference genome (Clark and Greenwood, 2016). Using a 
de novo assembled transcriptome, I found that postlarval lobsters reared at 16°C over-expressed 
transcripts annotated to proteins affiliated with cuticle formation and the innate immune system up to 
14.4- and 8.5-fold, respectively, relative to lobsters exposed to warmer temperatures. In contrast, 
postlarvae reared under increasingly warmer temperatures over-expressed transcripts associated with 
metabolic turnover by up to 7.1-fold. This indicates a shift in the transcriptome that reflects a potential 
trade-off between maintaining immune defenses and meeting the energetic demands associated with 
increased physiological rates as a consequence of ocean warming. Together with the results of Chapter 2, 
these findings suggest that warmer temperatures may facilitate faster growth at the expense of increased 
physiological stress and disease susceptibility. Moreover, postlarvae may be unable to meet increasing 
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energetic demands associated with warming if prey availability declines (as suggested by Carloni et al., 
2018), presenting additional challenges that could reduce post-settlement survival in a changing 
environment.  
 In Chapter 4, I used four recirculating seawater systems at the Aquaculture Research Center 
(ARC) to explore the sublethal effects of ocean acidification (OA) on the hemolymph chemistry and 
physiological response to acute thermal stress in subadult H. americanus. Lobsters were exposed to 
acidified (pH = 7.6) or control (pH = 8.0) conditions for 60 days at the ARC. Although calcium, total 
protein, and ecdysterone concentrations were not significantly altered by OA exposure, total hemocyte 
counts were 1.6 times higher in control vs. acidified lobsters, suggesting immunosuppression under 
chronic OA (Hernroth et al., 2012; Wang et al., 2016). Lobsters exposed to a reduced pH also had 
significantly lower levels of L-lactate in their hemolymph, suggesting reduced oxygen carrying capacity 
under OA that may have contributed to reduced cardiac performance under acute warming (as indicated 
by significantly lower Arrhenius Break Temperatures compared to control lobsters). These results suggest 
that although some physiological endpoints of American lobster are not impacted by OA, the stress of OA 
will likely be compounded by acute heat shock and may present additional physiological challenges for 
this species in the face of future change.   
5.3. Future Directions 
It is important to acknowledge that the experiments conducted in this dissertation focused on the 
effects of individual abiotic factors on H. americanus. Carbonate chemistry co-varies with temperature 
and oxygen in water masses (Reum et al., 2016), and temperature, pH, and salinity may act synergistically 
to negatively affect early life stages of marine organisms (Przeslawski et al., 2015). It is therefore critical 
to examine the potential interactive effects of temperature and OA, as well as other metrics of 
environmental change (e.g., dissolved oxygen content and salinity), on the biological endpoints measured 
here. This may be particularly important in the context of resilience to thermal stress, which can be 
compromised by additional exposure to OA, hypoxia, or pollutants (Sokolova et al., 2012). Moreover, 
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research suggests that the negative effects of OA on immunity are more evident in the presence of 
additional stressors, such as temperature (Hernroth et al., 2012; Ellis et al., 2014) or hypoxia (Hernroth et 
al., 2015), further demonstrating the importance of adopting a multi-factorial approach to 
ecophysiological studies.  
In addition to focusing on multiple environmental factors, future efforts would greatly benefit by 
addressing the potential for carryover effects from larval to juvenile stages. Carryover effects may arise 
when the performance or experience of one life history stage has either positive or negative impacts on 
the performance of a subsequent life stage (Foo and Byrne, 2016; Ross et al., 2016), potentially 
conferring resilience under environmentally stressful conditions to a subsequent generation (Parker et al., 
2015). It would be particularly interesting to explore the impacts of OA and warming on postlarvae 
following settlement to the benthos, especially in the context of behavioral metrics (e.g., finding adequate 
shelter from predators or intraspecific interactions) in addition to assessing biochemistry throughout 
subsequent molting events. Future efforts should also focus on exploring the potential for 
transgenerational effects (i.e., the influence of parental environment history on offspring performance – 
Foo and Byrne, 2016). Parental environmental history in molluscs and echinoderms influences the 
phenotypic response and/or performance of offspring through transgenerational carryover effects (Sunday 
et al., 2014; Ross et al., 2016; Foo and Byrne, 2016). Offspring of parents exposed to environments 
mimicking future conditions (i.e., high pCO2 and elevated temperature) prior to fertilization events may 
exhibit greater performance under similar conditions. These benefits are conferred either through 
epigenetic effects or maternal provisioning (Ross et al., 2016), and they may result in pre-adapted 
offspring that exhibit increased fitness in environments similar to those experienced by their parents (Foo 
and Byrne, 2016).  
Understanding the potential for transgenerational effects may prove particularly useful in the 
context of understanding the possibility for local adaptation to a changing climate in H. americanus. 
Across its distribution, the American lobster encounters a steep latitudinal gradient in environmental 
characteristics (Longhurst, 1988). Abrupt warming events in recent decades have caused mass mortality 
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and disease in lobster populations in southern New England while simultaneously promoting growth and 
reproduction in historically colder waters of the north, causing a net northward shift in the population 
(Pearce and Balcolm, 2005; Wahle et al., 2009; Chang et al., 2010). However, smaller-scale differences in 
environmental parameters may give rise to locally adapted populations that have different environmental 
tolerances (Kuo and Sanford, 2009; Kelly et al., 2013), which may present a more complicated response 
to climate change than just a simple poleward migration (Helmuth et al., 2002, 2006). Moreover, the 
action of one environmental stressor may mediate the predicted effects of another on species distributions, 
presenting additional complexity to the detection of regional adaptation (Calosi et al., 2017). Although 
difficult to assess, local adaptation may be the key to resilience of American lobster in the face of future 
change. Population genetic studies suggest a north-south differentiation between two sub-populations of 
H. americanus (i.e., Gulf of Maine and Gulf of St. Lawrence regions – Benestan et al., 2015) whereby 
geographic distance and ocean currents explain and shape neutral genetic structure and temperature serves 
as the main selective agent (Benestan et al., 2016). It is therefore prudent to incorporate regional sampling 
into the experimental design of future research, particularly in the context of understanding how exposure 
to environmental stressors influences developing H. americanus.  
5.4. Concluding Remarks 
The American lobster supports the most economically valuable fishery in the Gulf of Maine and 
Atlantic Canada and contributed more than $484 million to the total value of Maine’s commercial 
fisheries landings in 2018 (ME DMR, 2019). Although the fishery has managed to persist in the face of 
intense harvesting pressure (Steneck and Wahle, 2013), the reliance on H. americanus as other fisheries 
have collapsed across the region has effectively created a monoculture (Steneck et al., 2011), the 
perturbation of which could lead to drastic socioeconomic impacts (e.g., the economic crisis that ensued 
following the 2012 ocean heat wave – Mills et al., 2013). Importantly, this dissertation suggests that 
climate change may impact two crucial life history stages of H. americanus: those transitioning to the 
benthos and recruiting to the population; and pre-reproductive individuals that have yet to contribute to 
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the brood stock. This research provides important steps toward understanding the sublethal effects of 
ocean warming and acidification on the American lobster and may also serve as a foundation upon which 
to further our understanding of how a changing environment will influence the physiology of marine 
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APPENDIX: CHAPTER 3 SUPPLEMENTARY DATA 
Table A.1. Supplemental information for the top 100 differentially expressed (DE) transcripts for each temperature comparison. Log2 fold change 
(FC) values are expressed as the first temperature relative to the second temperature listed (e.g., in the 16°C vs. 22°C comparison, transcripts are 
over- or under-expressed in postlarvae reared at 16°C relative to those reared at 22°C), and adjusted p-values reflect correction via the Benjamini-
Hochberg procedure to account for multiple testing. Annotations were retrieved using NCBI non-redundant (nr) protein databases (E-value ≤ 1e – 
10; downloaded in July 2018), and gene ontology (GO) IDs and names were obtained using Blast2GO (the letters “C”, “P”, and “F” refer to GO 
terms attributed to cellular functions, biological processes, and molecular functions, respectively). Data were uploaded to the Kyoto Encyclopedia 
of Genes and Genomes (KEGG) Automatic Annotation Server (KAAS) to determine KEGG Orthology (KO) assignments, and to explore KAAS 
pathways and BRITE hierarchies. We include information on the additional 14 DE transcripts identified by edgeR for the 16°C vs. 22°C 
comparison. 
 
16°C vs. 22°C: over-expressed, DESeq2 
      
Transcript ID Log2FC Adjusted 
p-value 
Annotation KO KAAS Pathways BRITE 
Hierarchies 
GO IDs GO Names 
DN44323_c21_g1_i1 4.572 1.16E-10 ACR78689.1 hypothetical 
cuticle protein, partial 
[Rimicaris exoculata] 
0     no GO terms no GO terms 





0     no GO terms no GO terms 
DN44500_c22_g2_i1 3.852 5.43E-08 XP_018022127.1 
PREDICTED: cuticle 
protein 8-like isoform X2 
[Hyalella azteca] 
0     no GO terms no GO terms 
DN43598_c16_g1_i1 3.851 1.46E-07 AFZ78450.1 chitinase 2, 
partial [Procambarus 
clarkii] 









sugar and nucleotide 
sugar metabolism 
  P:GO:0005975 P:carbohydrate 
metabolic 
process 




0     no GO terms no GO terms 
DN6694_c0_g1_i1 3.765 3.61E-07 BAM99303.1 strongly 
chitin-binding protein-1 
[Procambarus clarkii] 
0     F:GO:0042302 F:structural 
constituent of 
cuticle 
DN44540_c24_g1_i1 3.664 2.56E-08 BAM99303.1 strongly 
chitin-binding protein-1 
[Procambarus clarkii] 
0     F:GO:0042302 F:structural 
constituent of 
cuticle 





0     no GO terms no GO terms 
DN41099_c3_g1_i1 3.627 1.67E-08 XP_023323118.1 cuticle 
protein 7-like [Eurytemora 
affinis] 
0     F:GO:0042302 F:structural 
constituent of 
cuticle 





K15537   Unclassified: 
metabolism - 
enzymes with EC 
numbers 
no GO terms no GO terms 
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DN40720_c5_g1_i1 3.589 1.40E-07 BAF73806.1 calcification 
associated soluble matrix 
protein 2 [Procambarus 
clarkii] 
0     F:GO:0042302 F:structural 
constituent of 
cuticle 
DN44540_c17_g1_i1 3.566 5.07E-07 ADI59750.1 early cuticle 
protein 2 [Callinectes 
sapidus] 
0     no GO terms no GO terms 
DN44500_c28_g1_i1 3.562 5.20E-07 ACO12877.1 Cuticle 
protein 19.8 
[Lepeophtheirus salmonis] 
0     no GO terms no GO terms 





0     no GO terms no GO terms 




0     F:GO:0042302 F:structural 
constituent of 
cuticle 




0     F:GO:0042302 F:structural 
constituent of 
cuticle 
DN44540_c11_g2_i1 3.419 2.21E-06 ADI59753.1 early cuticle 
protein 5 [Callinectes 
sapidus] 
0     F:GO:0042302 F:structural 
constituent of 
cuticle 













cellular processes - 
transporters, 
exosome 
no GO terms no GO terms 
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0     no GO terms no GO terms 
DN42192_c1_g2_i1 3.408 4.87E-06 EEW08769.1 hypothetical 
protein VMD_37440 
[Vibrio mimicus VM573] 
0     no GO terms no GO terms 




0     F:GO:0042302 F:structural 
constituent of 
cuticle 
DN6535_c0_g1_i1 3.396 1.50E-05 XP_018017512.1 
PREDICTED: pro-resilin-
like isoform X1 [Hyalella 
azteca] XP_018017514.1 
PREDICTED: pro-resilin-
like isoform X2 [Hyalella 
azteca] 
0     no GO terms no GO terms 
DN44540_c4_g1_i1 3.382 4.14E-06 BAM99303.1 strongly 
chitin-binding protein-1 
[Procambarus clarkii] 
0     F:GO:0042302 F:structural 
constituent of 
cuticle 
DN44540_c20_g1_i1 3.381 2.15E-06 ADI59754.1 early cuticle 
protein 6 [Callinectes 
sapidus] 
0     F:GO:0042302 F:structural 
constituent of 
cuticle 




0     F:GO:0042302 F:structural 
constituent of 
cuticle 




0     no GO terms no GO terms 
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0     no GO terms no GO terms 
DN7224_c0_g1_i1 3.260 8.06E-06 XP_018013996.1 
PREDICTED: translation 
initiation factor IF-2-like 
[Hyalella azteca] 
0     F:GO:0042302 F:structural 
constituent of 
cuticle 




0     no GO terms no GO terms 































0     F:GO:0042302 F:structural 
constituent of 
cuticle 




0     no GO terms no GO terms 
DN44323_c11_g1_i3 3.229 1.90E-07 ACR78689.1 hypothetical 
cuticle protein, partial 
[Rimicaris exoculata] 
0     F:GO:0042302 F:structural 
constituent of 
cuticle 
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DN34949_c0_g1_i1 3.220 1.65E-05 ALC79580.1 gastrolith 
protein 18.2 [Cherax 
quadricarinatus] 
0     no GO terms no GO terms 




0     F:GO:0042302 F:structural 
constituent of 
cuticle 





0     no GO terms no GO terms 




0     F:GO:0042302 F:structural 
constituent of 
cuticle 











e activity, acting 
on CH-OH 







DN43201_c18_g1_i1 3.160 1.25E-05 XP_018024750.1 
PREDICTED: glycine-
rich cell wall structural 
protein 1-like [Hyalella 
azteca] 
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DN14715_c0_g1_i1 3.125 1.79E-05 XP_023327997.1 cuticle 
protein 7-like [Eurytemora 
affinis] 
0     F:GO:0042302 F:structural 
constituent of 
cuticle 




0     F:GO:0042302 F:structural 
constituent of 
cuticle 
DN40709_c1_g2_i1 3.117 6.81E-06 ATN38697.1 cuticle-like 
protein [Macrobrachium 
nipponense] 
0     F:GO:0042302 F:structural 
constituent of 
cuticle 




0     F:GO:0042302 F:structural 
constituent of 
cuticle 
DN42867_c0_g1_i1 3.089 3.91E-06 AEK86524.1 Spz3 
[Litopenaeus vannamei] 
0     no GO terms no GO terms 




0     no GO terms no GO terms 






0     F:GO:0042302 F:structural 
constituent of 
cuticle 
DN42867_c3_g1_i1 3.021 5.16E-06 AEK86524.1 Spz3 
[Litopenaeus vannamei] 
0     no GO terms no GO terms 
DN40296_c1_g1_i1 3.016 1.23E-05 XP_023323118.1 cuticle 
protein 7-like [Eurytemora 
affinis] 
0     F:GO:0042302 F:structural 
constituent of 
cuticle 
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DN36156_c3_g1_i1 2.946 2.98E-06 AGU01545.1 
antimicrobial peptide type 
2 precursor IIc 
[Pandalopsis japonica] 
0     no GO terms no GO terms 




0     F:GO:0042302 F:structural 
constituent of 
cuticle 
DN37162_c4_g1_i1 2.866 4.68E-06 AEK86522.1 Spz1 
[Litopenaeus vannamei] 
0     no GO terms no GO terms 
DN41318_c0_g1_i2 2.828 4.13E-06 XP_003240981.1 
PREDICTED: skin 
secretory protein xP2-like 
[Acyrthosiphon pisum] 
0     F:GO:0042302 F:structural 
constituent of 
cuticle 
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DN44465_c7_g1_i1 2.758 2.98E-06 ALG65274.1 glucose 
transporter 2 [Litopenaeus 
vannamei] 













DN39340_c1_g1_i1 2.755 4.80E-06 AIM45534.1 peritrophin-
44-like protein [Eriocheir 
sinensis] 















0     no GO terms no GO terms 
DN30852_c0_g1_i1 2.747 6.02E-06 XP_003436050.1 
AGAP002186-PB 
[Anopheles gambiae str. 
PEST] EGK96211.1 
AGAP002186-PB 
[Anopheles gambiae str. 
PEST] 












DN44637_c17_g1_i1 2.729 1.16E-07 ABQ96197.1 crustin 
[Farfantepenaeus 
brasiliensis] 







DN44323_c11_g1_i1 2.724 1.42E-05 ACR78689.1 hypothetical 
cuticle protein, partial 
[Rimicaris exoculata] 
0     no GO terms no GO terms 
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0     no GO terms no GO terms 




X1 [Hyalella azteca] 
0     no GO terms no GO terms 
DN44517_c5_g1_i1 2.670 2.91E-07 ABI79454.2 alpha 2 
macroglobulin 
[Litopenaeus vannamei] 
















DN41318_c0_g1_i1 2.622 1. 69E-07 XP_025406143.1 cuticle 
protein 16.5-like [Sipha 
flava] 
0     F:GO:0042302 F:structural 
constituent of 
cuticle 




K14388   Protein families: 
signaling and 

















K19876   Membrane 
trafficking 
no GO terms no GO terms 
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0     no GO terms no GO terms 


























DN39479_c0_g4_i1 2.588 2.54E-06 ALC79580.1 gastrolith 
protein 18.2 [Cherax 
quadricarinatus] 
0     no GO terms no GO terms 
DN44508_c8_g1_i1 2.576 1.79E-05 AGG20312.1 peritrophin 
[Palaemon carinicauda] 














K13278   Unclassified: 
metabolism - 








0     F:GO:0042302 F:structural 
constituent of 
cuticle 
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DN44664_c5_g1_i1 2.389 3.54E-09 KFD47056.1 hypothetical 
protein M513_12044 
[Trichuris suis] 
0     no GO terms no GO terms 




X2 [Hyalella azteca] 
0     no GO terms no GO terms 






























0     F:GO:0003676 F:nucleic acid 
binding 
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0     no GO terms no GO terms 
DN41674_c2_g1_i1 2.330 7.63E-06 XP_018024821.1 
PREDICTED: cell wall 
protein PRY3-like 
[Hyalella azteca] 





no GO terms no GO terms 
DN43829_c4_g1_i1 2.328 1.06E-05 XP_015437411.1 
PREDICTED: Niemann-
Pick C1 protein isoform 
X1 [Dufourea 
novaeangliae] 



















DN33886_c2_g1_i1 2.326 9.44E-06 EFX70562.1 hypothetical 
protein 
DAPPUDRAFT_61224, 
partial [Daphnia pulex] 
0     F:GO:0042302 F:structural 
constituent of 
cuticle 





































DN44540_c3_g1_i1 2.231 1.01E-06 XP_018006524.1 
PREDICTED: sialin-like 
[Hyalella azteca] 
















DN44393_c16_g1_i1 2.201 4.38E-06 XP_023964737.1 tigger 
transposable element-
derived protein 1-like 
[Chrysemys picta bellii] 
XP_008170509.2 tigger 
transposable element-
derived protein 1-like 
[Chrysemys picta bellii] 
0     no GO terms no GO terms 
DN43171_c0_g1_i1 2.076 8.74E-06 XP_019879486.1 
PREDICTED: putative 
carbonic anhydrase 3 
[Aethina tumida] 














0     no GO terms no GO terms 






0     no GO terms no GO terms 












K00108 Amino acid 
metabolism 








e activity, acting 
on CH-OH 












K08145   Protein families: 
signaling and 















DN43739_c7_g1_i2 1.894 2.45E-05 XP_018016458.1 
PREDICTED: protein 
eyes shut-like [Hyalella 
azteca] 






DN42803_c8_g1_i1 1.779 1.92E-05 AAV63540.1 fed tick 
salivary protein 6 [Ixodes 
scapularis] 
0     no GO terms no GO terms 





K18048   Unclassified: 
metabolism - 
enzymes with EC 
numbers 
no GO terms no GO terms 










isoform X1 [Hyalella 
azteca] 
0     no GO terms no GO terms 
DN42680_c0_g1_i1 1.649 6.18E-06 XP_018016120.1 
PREDICTED: probable 
cytochrome P450 49a1 
[Hyalella azteca] 





























0     no GO terms no GO terms 























DN42659_c3_g2_i1 1.241 3.58E-10 XP_008476053.1 
PREDICTED: 
transcription cofactor 
vestigial-like protein 4 
[Diaphorina citri] 
0     P:GO:0006355 P:regulation of 
transcription, 
DNA-templated 
         
16°C vs. 22°C: over-expressed, edgeR 
      
Transcript ID Log2FC Adjusted 
p-value 
Annotation KO KAAS Pathways BRITE 
Hierarchies 
GO IDs GO Names 
DN44517_c5_g1_i1 3.049 1.49E-02 ACU31810.1 alpha2 
macroglobulin isoform 2 
[Fenneropenaeus 
chinensis] 














DN7804_c0_g1_i1 2.180 2.55E-02 ODN03525.1 Cuticle 
protein 7 [Orchesella 
cincta] 
0     F:GO:0042302 F:structural 
constituent of 
cuticle 
DN42226_c0_g3_i1 1.583 2.29E-02 AOG12994.1 octopamine 
receptor beta-2R 
[Homarus americanus] 
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DN40848_c2_g2_i1 1.278 2.44E-02 ATW66457.1 hormone 
receptor, partial 
[Marsupenaeus japonicus] 






























DN42633_c6_g2_i1 1.103 2.67E-02 ANJ04742.1 spaetzle 4 
[Litopenaeus vannamei] 
0     0 0 
         
16°C vs. 22°C: under-expressed,  
      
Transcript ID Log2FC Adjusted 
p-value 
Annotation KO KAAS Pathways BRITE 
Hierarchies 
GO IDs GO Names 
































e activity, acting 
on the aldehyde 
or oxo group of 










DN44253_c4_g1_i2 -3.132 9.82E-05 P84293.1 RecName: 
Full=Hemocyanin subunit 
2; AltName: Full=CaeSS2 













  no GO terms no GO terms 
DN41202_c4_g2_i1 -2.897 2.40E-06 XP_018015969.1 
PREDICTED: UNC93-
like protein MFSD11 
isoform X2 [Hyalella 
azteca] 
0     no GO terms no GO terms 
DN44136_c16_g4_i1 -2.836 1.03E-05 YP_004563983.1 NADH 




dehydrogenase subunit 2 
(mitochondrion) 
[Homarus americanus] 















no GO terms no GO terms 
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DN41202_c4_g1_i1 -2.714 1.41E-10 XP_018015969.1 
PREDICTED: UNC93-
like protein MFSD11 
isoform X2 [Hyalella 
azteca] 
0     no GO terms no GO terms 
DN43737_c13_g14_i
1 
























acid cycle; F:4 
iron, 4 sulfur 
cluster binding 
DN44476_c7_g1_i1 -2.413 1.16E-04 XP_018010355.1 
PREDICTED: 
pyroglutamyl-peptidase 1-
like [Hyalella azteca] 

















X1 [Hyalella azteca] 
0     no GO terms no GO terms 
DN44614_c6_g1_i2 -2.232 1.26E-05 XP_015437916.1 
PREDICTED: myosin 
heavy chain, muscle 
isoform X4 [Dufourea 
novaeangliae] 
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DN44614_c6_g1_i3 -2.073 1.36E-04 XP_015437916.1 
PREDICTED: myosin 
heavy chain, muscle 
isoform X4 [Dufourea 
novaeangliae] 




























0     P:GO:0000723 P:telomere 
maintenance 




K14464 Glycan biosynthesis 
and metabolism- 












DN40922_c0_g1_i1 -1.909 2.03E-09 XP_018015412.1 
PREDICTED: organic 
cation transporter protein-
like [Hyalella azteca] 



































DN33800_c0_g1_i1 -1.878 1.09E-05 AQW41379.1 selenium 
independent glutathione 

























DN44597_c21_g1_i1 -1.803 1.17E-05 EMP29728.1 L-fucose 






sugar and nucleotide 
sugar metabolism 
  F:GO:0005524 F:ATP binding 










0     no GO terms no GO terms 
DN44498_c12_g1_i1 -1.774 5.73E-05 EFX89894.1 DNA 
primase-like protein 
[Daphnia pulex] 























































0     no GO terms no GO terms 









0     no GO terms no GO terms 





0     no GO terms no GO terms 
DN41730_c0_g2_i1 -1.662 1.61E-04 XP_022234972.1 
kinetochore-associated 
protein 1-like, partial 
[Limulus polyphemus] 




associated proteins  
no GO terms no GO terms 




0     no GO terms no GO terms 
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DN41730_c0_g1_i1 -1.630 1.01E-04 PNF21937.1 hypothetical 
protein B7P43_G01785 
[Cryptotermes secundus] 




associated proteins  
no GO terms no GO terms 
DN40754_c0_g1_i1 -1.626 9.71E-05 XP_015413423.1 
PREDICTED: DNA 
mismatch repair protein 
Msh2 [Myotis davidii] 


































































DN40634_c1_g2_i1 -1.619 5.58E-06 XP_018015947.1 
PREDICTED: ubiA 
prenyltransferase domain-
K00810   Unclassified 
metabolism- 
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containing protein 1 






alkyl or aryl 
(other than 
methyl) groups 
DN43656_c6_g1_i1 -1.575 2.04E-06 XP_018026809.1 
PREDICTED: DNA ligase 
1-like [Hyalella azteca] 
























DN34002_c1_g1_i1 -1.557 2.48E-05 AFV15454.1 acyl-CoA 
delta-9 desaturase 
[Eriocheir sinensis] 




























e activity, acting 
on paired 
donors, with 
oxidation of a 
pair of donors 
resulting in the 
reduction of 
molecular 






DN39759_c0_g1_i1 -1.544 2.16E-06 XP_013387891.1 ankyrin 
repeat domain-containing 
protein 10 isoform X3 
[Lingula anatina] 
0     F:GO:0005515 F:protein 
binding 
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0     F:GO:0005515 F:protein 
binding 





0     no GO terms no GO terms 
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e activity, acting 
on the aldehyde 
or oxo group of 











DN43671_c15_g1_i1 -1.510 4.92E-05 AOE48155.1 hypothetical 
protein [Eumigus 
monticolus] 
0     no GO terms no GO terms 





0     no GO terms no GO terms 








0     no GO terms no GO terms 





0     no GO terms no GO terms 
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associated proteins  
no GO terms no GO terms 




















DN43735_c1_g1_i1 -1.428 1.06E-04 XP_018018295.1 
PREDICTED: GTP-
binding nuclear protein 
GSP1/Ran-like [Hyalella 
azteca] 































DN44638_c0_g1_i1 -1.411 2.40E-05 XP_015433294.1 
PREDICTED: DNA 




replication licensing factor 





growth and death- 




































DN38788_c0_g1_i1 -1.384 1.14E-04 XP_018018565.1 
PREDICTED: disks large-




associated protein 5-like 
[Hyalella azteca] 




associated proteins  
P:GO:0023052 P:signaling 
DN42270_c14_g3_i1 -1.381 2.82E-05 XP_023713986.1 2',5'-
phosphodiesterase 12 











no GO terms no GO terms 












Starch and sucrose 
metabolism, Amino 


















DN43557_c0_g2_i1 -1.371 9.91E-05 XP_023716377.1 N-
acetyltransferase 9-like 




















0     F:GO:0005515 F:protein 
binding 

















































DN44611_c14_g1_i1 -1.323 1.46E-07 ATP62320.1 L-type lectin 
[Litopenaeus vannamei] 
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rase isoform X5 [Lingula 
anatina] 






















DN35633_c0_g1_i1 -1.297 9.77E-05 XP_015343329.1 
PREDICTED: DNA 
replication licensing factor 
MCM3 [Marmota 
marmota marmota] 
K02541 Replication and 
repair- DNA 
replication; Cell 
growth and death- 























DN42366_c5_g1_i1 -1.287 1.39E-06 XP_018014164.1 
PREDICTED: bestrophin-
3-like [Hyalella azteca] 




no GO terms no GO terms 
DN43235_c9_g1_i1 -1.281 8.47E-06 AAH06165.3 
Minichromosome 
maintenance complex 














growth and death- 
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DN43609_c11_g2_i2 -1.267 5.57E-06 XP_018024815.1 
PREDICTED: uridine 5'-
monophosphate synthase-
















































DN38198_c0_g1_i1 -1.263 4.61E-06 XP_018025206.1 
PREDICTED: tubulin-
specific chaperone A-like 
[Hyalella azteca] 





no GO terms no GO terms 
DN42525_c5_g1_i1 -1.258 2.58E-06 XP_015352751.1 
PREDICTED: importin-
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11 isoform X1 [Marmota 
marmota marmota] 
DN34542_c2_g1_i1 -1.256 2.09E-05 XP_018023096.1 
PREDICTED: PQ-loop 
repeat-containing protein 
1-like [Hyalella azteca] 
0     no GO terms no GO terms 














DN43282_c8_g2_i1 -1.251 1.28E-06 ACD13595.1 mitotic 
checkpoint protein 
[Penaeus monodon] 
K02180 Cellular Processes- 
Cell growth and 
death- Cell cycle, 
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DN19145_c0_g1_i1 -1.201 8.49E-05 XP_018009815.1 
PREDICTED: tudor 
domain-containing protein 
7-like isoform X3 
[Hyalella azteca] 




associated proteins  
no GO terms no GO terms 





0     no GO terms no GO terms 
DN43411_c19_g1_i1 -1.151 3.63E-05 XP_023705243.1 RNA 
pseudouridylate synthase 
domain-containing protein 











































DN43566_c7_g2_i1 -1.128 8.77E-05 XP_023332964.1 
tRNA:m(4)X modification 
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DN44494_c0_g1_i1 -1.119 1.84E-05 AKB96201.1 heat shock 
protein [Cherax 
destructor] 
0     no GO terms no GO terms 



















DN42606_c5_g1_i1 -1.109 9.35E-06 XP_013399368.1 
transmembrane protein 
214-B [Lingula anatina] 
0     no GO terms no GO terms 
DN42943_c5_g1_i1 -1.101 4.33E-05 XP_015436951.1 
PREDICTED: FACT 
complex subunit spt16 
isoform X1 [Dufourea 
novaeangliae] 
0     C:GO:0035101 C:FACT 
complex 
DN42292_c19_g1_i1 -1.081 6.40E-07 XP_018023028.1 
PREDICTED: TBCC 
domain-containing protein 
1-like [Hyalella azteca] 
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like [Hyalella azteca] 


























































0     C:GO:0016021 C:integral 
component of 
membrane 
DN43195_c5_g1_i1 -1.073 1.18E-04 XP_015432515.1 
PREDICTED: LOW 
QUALITY PROTEIN: 
signal transducer and 
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DN43949_c5_g1_i1 -1.066 1.27E-04 XP_015433387.1 
PREDICTED: FACT 
complex subunit Ssrp1 
[Dufourea novaeangliae] 









DN43340_c9_g1_i1 -1.064 2.36E-05 XP_015604384.1 ADP-
ribosylation factor-binding 
protein GGA1 isoform X2 
[Cephus cinctus] 





















DN43879_c7_g1_i1 -1.036 5.01E-06 XP_971567.1 
PREDICTED: 
rhythmically expressed 
gene 2 protein [Tribolium 
castaneum] EFA00363.1 
Rhythmically expressed 
gene 2 protein-like Protein 
[Tribolium castaneum] 
0     F:GO:0005515 F:protein 
binding 



























DN24171_c0_g2_i1 -1.030 7.53E-05 AAI34813.1 LOC733291 
protein, partial [Xenopus 
laevis] 













DN43142_c9_g1_i1 -1.026 2.51E-08 XP_022249137.1 
sphingomyelin 
phosphodiesterase 4-like 
isoform X2 [Limulus 
polyphemus] 
K12353 Lipid metabolism- 
sphingolipid 
metabolism 
  F:GO:0050290 F:sphingomyelin 
phosphodiestera
se D activity 
DN43014_c0_g1_i1 -1.019 1.11E-04 XP_015436514.1 
PREDICTED: exportin-5 
[Dufourea novaeangliae] 




















DN38577_c0_g1_i1 -1.019 8.92E-05 XP_014282477.1 
phosphatidylinositol 5-

























DN44072_c2_g1_i1 -1.013 5.21E-05 XP_018018193.1 
PREDICTED: altered 
inheritance of 
0     no GO terms no GO terms 




like [Hyalella azteca] 
DN43033_c9_g1_i1 -1.009 1.55E-04 XP_018009874.1 
PREDICTED: transient 
receptor potential cation 
channel subfamily A 
member 1 homolog 
[Hyalella azteca] 
K04984 Sensory system- 
Inflammatory 
mediator regulation 






















DN38811_c0_g3_i1 -1.004 1.06E-05 EDL39578.1 mCG9152, 
isoform CRA_a, partial 
[Mus musculus] 





no GO terms no GO terms 
DN43258_c10_g1_i1 -0.969 1.41E-05 XP_013380878.1 TELO2-
interacting protein 1 







  no GO terms no GO terms 






















DN42869_c7_g1_i2 -0.940 1.48E-04 XP_018009973.1 
PREDICTED: BRCA1-
associated RING domain 
protein 1-like [Hyalella 
azteca] 
































DN44111_c9_g1_i1 -0.893 7.67E-05 XP_968070.1 
PREDICTED: glutathione 
synthetase isoform X2 
[Tribolium castaneum] 






























DN41962_c3_g1_i1 -0.880 8.10E-05 XP_019621847.1 
PREDICTED: nuclear 
pore complex protein 
Nup88-like isoform X1 
[Branchiostoma belcheri] 
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DN44635_c1_g1_i1 -0.871 1.46E-04 AGG55292.1 p53 protein 
[Litopenaeus vannamei] 














































protein 26 [Dufourea 
novaeangliae] 









no GO terms no GO terms 






























































0     no GO terms no GO terms 
DN43586_c8_g1_i1 -0.786 6.89E-06 XP_017889657.1 
PREDICTED: U1 small 
nuclear ribonucleoprotein 
A [Ceratina calcarata] 
0     F:GO:0003676 F:nucleic acid 
binding 
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DN44386_c20_g1_i1 -0.698 1.08E-04 XP_013191358.1 
PREDICTED: vacuolar-
sorting protein SNF8 
[Amyelois transitella] 






















      
        
Transcript ID Log2FC Adjusted 
p-value 
Annotation KO KAAS Pathways BRITE 
Hierarchies 
GO IDs GO Names 




















Valine, leucine and 
isoleucine 
degradation; 














DN44614_c6_g1_i2 -2.519 1.90E-02 BAM65720.1 myosin 
heavy chain type 2 
[Penaeus monodon] 
























16°C vs. 22°C: under-expressed, edgeR 
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e activity, acting 
on paired 
donors, with 
oxidation of a 
pair of donors 
resulting in the 
reduction of 
molecular 











K02537 Cell growth and 
death- Cell cycle, 




































DN44638_c0_g1_i1 -1.471 2.23E-02 XP_011451587.1 
PREDICTED: DNA 
replication licensing factor 
mcm5 [Crassostrea gigas] 
EKC32126.1 DNA 
replication licensing factor 
mcm5 [Crassostrea gigas] 
K02209 Replication and 
repair- DNA 
replication; Cell 
growth and death- 




























DN49657_c0_g1_i1 -1.440 2.86E-02 KMQ96290.1 protein 
disulfide-isomerase a3 
[Lasius niger] 





























DN22339_c0_g1_i2 -1.411 2.86E-02 XP_011443137.1 
PREDICTED: DNA 
replication licensing factor 
mcm7 [Crassostrea gigas] 
EKC32434.1 DNA 
K02210 Replication and 
repair- DNA 
replication; Cell 
growth and death- 
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replication licensing factor 






































DN35633_c0_g1_i1 -1.352 2.55E-02 EKC33730.1 DNA 
replication licensing factor 
MCM3 [Crassostrea 
gigas] 
K02541 Replication and 
repair- DNA 
replication; Cell 
growth and death- 























DN43235_c9_g1_i1 -1.331 2.31E-02 EKC27055.1 DNA 
replication licensing factor 
mcm2 [Crassostrea gigas] 
K02540 Replication and 
repair- DNA 
replication; Cell 
growth and death- 
































Table A.1. continued 
153 
 
DN37277_c0_g1_i1 -1.298 2.80E-02 ACY66399.1 RuvB-like 2, 
partial [Scylla 
paramamosain] 

















































K02180 Cell growth and 
death- Cell cycle, 
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DN26575_c0_g1_i1 -1.215 2.76E-02 XP_023291662.1 protein 
kish [Lucilia cuprina] 
0     0 0 
DN42943_c5_g1_i1 -1.127 2.55E-02 XP_011445672.1 
PREDICTED: FACT 
complex subunit SPT16 
[Crassostrea gigas] 
EKC29643.1 FACT 
complex subunit spt16 
[Crassostrea gigas] 
0     C:GO:0035101 C:FACT 
complex 
         
 
16°C vs. 18°C: over-expressed, DESeq2 
      
Transcript ID Log2FC Adjusted 
p-value 
Annotation KO KAAS Pathways BRITE 
Hierarchies 
GO IDs GO Names 



















0     0 0 

















DN43869_c9_g1_i1 3.283 4.30E-04 GAN74957.1 hypothetical 
protein Apmu_0247_01 
0     0 0 





DN43421_c5_g3_i1 3.136 4.30E-04 PRD19514.1 Dipeptidyl 
peptidase 1 [Nephila 
clavipes] 



















DN43869_c23_g1_i1 3.084 1.12E-03 CBY13234.1 unnamed 
protein product, partial 
[Oikopleura dioica] 
0     0 0 
DN6535_c0_g1_i1 3.044 1.14E-03 XP_018017512.1 
PREDICTED: pro-resilin-
like isoform X1 [Hyalella 
azteca] XP_018017514.1 
PREDICTED: pro-resilin-
like isoform X2 [Hyalella 
azteca] 
0     0 0 





K15537   Not Included in 
Pathway or Brite- 
Unclassified: 
metabolism- 
Enzymes with EC 
numbers 
0 0 
DN44500_c22_g2_i1 3.006 3.88E-04 XP_018022127.1 
PREDICTED: cuticle 
protein 8-like isoform X2 
[Hyalella azteca] 
0     0 0 
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DN44323_c21_g1_i1 2.999 3.88E-04 ACR78689.1 hypothetical 
cuticle protein, partial 
[Rimicaris exoculata] 
0     0 0 
DN7224_c0_g1_i1 2.959 5.93E-04 XP_018013996.1 
PREDICTED: translation 
initiation factor IF-2-like 
[Hyalella azteca] 
0     F:GO:0042302 F:structural 
constituent of 
cuticle 
















0     0 0 
DN44500_c28_g1_i1 2.801 1.12E-03 ACO12877.1 Cuticle 
protein 19.8 
[Lepeophtheirus salmonis] 
0     0 0 




0     0 0 




0     0 0 
DN46935_c0_g1_i1 2.755 5.00E-03 CIN51991.1 
Uncharacterised protein 
[Salmonella enterica 
subsp. enterica serovar 
Typhi] 
0     0 0 
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0     F:GO:0042302 F:structural 
constituent of 
cuticle 






0     F:GO:0003676 F:nucleic acid 
binding 




0     F:GO:0042302 F:structural 
constituent of 
cuticle 
DN41099_c3_g1_i1 2.692 5.09E-04 XP_023323118.1 cuticle 
protein 7-like [Eurytemora 
affinis] 
0     F:GO:0042302 F:structural 
constituent of 
cuticle 
DN44562_c3_g3_i1 2.691 3.67E-03 XP_014460030.1 
PREDICTED: general 
transcription factor II-I 
repeat domain-containing 




transcription factor II-I 
repeat domain-containing 




transcription factor II-I 
repeat domain-containing 
protein 2-like [Alligator 
mississippiensis] 
0     0 0 





transcription factor II-I 
repeat domain-containing 
protein 2-like [Alligator 
mississippiensis] 




0     F:GO:0042302 F:structural 
constituent of 
cuticle 




0     0 0 
DN46582_c0_g1_i1 2.650 6.19E-03 BAM99303.1 strongly 
chitin-binding protein-1 
[Procambarus clarkii] 
0     F:GO:0042302 F:structural 
constituent of 
cuticle 
DN39757_c2_g1_i1 2.642 1.36E-03 ABF69938.1 DNA/RNA 
non-specific endonuclease 
[Penaeus monodon] 










DN42248_c6_g1_i2 2.637 7.21E-03 AQT26399.1 chitin-
binding protein, partial 
[Macrobrachium 
nipponense] 
0     F:GO:0042302 F:structural 
constituent of 
cuticle 
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0     0 0 




0     0 0 
DN42430_c4_g1_i1 2.586 7.24E-03 KMS65245.1 hypothetical 
protein BVRB_037930, 
partial [Beta vulgaris 
subsp. vulgaris] 
0     0 0 
DN41998_c3_g1_i1 2.544 1.05E-02 XP_008469099.1 
PREDICTED: forkhead 
box protein P2-like 
[Diaphorina citri] 






DN43463_c13_g1_i2 2.543 7.17E-03 XP_018022125.1 
PREDICTED: cuticle 
protein 19-like [Hyalella 
azteca] 
0     0 0 





0     F:GO:0005515 F:protein 
binding 
DN34635_c0_g1_i1 2.502 1.05E-02 CEH44546.1 conserved 
hypothetical protein 




0     0 0 
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0     F:GO:0042302 F:structural 
constituent of 
cuticle 
DN39217_c0_g1_i1 2.496 4.16E-03 KFM64065.1 Glutamate-
gated chloride channel, 
partial [Stegodyphus 
mimosarum] 




















DN28561_c0_g1_i1 2.490 7.40E-03 ASC55678.1 putative 
trypsin serine protease, 
partial [Procambarus 
clarkii] 











BAC clone 578] 
0     0 0 





0     0 0 
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0     0 0 
DN6694_c0_g1_i1 2.466 8.14E-03 BAM99303.1 strongly 
chitin-binding protein-1 
[Procambarus clarkii] 
0     F:GO:0042302 F:structural 
constituent of 
cuticle 
DN40709_c1_g2_i1 2.460 3.96E-03 ATN38697.1 cuticle-like 
protein [Macrobrachium 
nipponense] 
0     F:GO:0042302 F:structural 
constituent of 
cuticle 
DN43511_c6_g4_i1 2.452 7.21E-03 AUM60049.1 cuticle 
protein AMP13.4 
[Litopenaeus vannamei] 
0     0 0 
DN37162_c4_g1_i1 2.410 1.41E-03 AEK86522.1 Spz1 
[Litopenaeus vannamei] 
0     0 0 



























DN42867_c3_g1_i1 2.395 3.37E-03 AEK86524.1 Spz3 
[Litopenaeus vannamei] 
0     0 0 
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DN41631_c0_g2_i1 2.393 7.88E-03 AAC28351.1 cytochrome 
P450 [Homarus 
americanus] 
























DN40709_c1_g1_i1 2.389 2.71E-03 ATN38697.1 cuticle-like 
protein [Macrobrachium 
nipponense] 
0     F:GO:0042302 F:structural 
constituent of 
cuticle 
DN40992_c5_g1_i1 2.367 6.88E-03 ACU25383.1 crustin 2 
[Panulirus japonicus] 
0     0 0 
DN43626_c3_g2_i1 2.355 5.69E-03 AHH29324.1 cytokine 
receptor [Scylla 
paramamosain] 
0     F:GO:0005515 F:protein 
binding 




0     F:GO:0042302 F:structural 
constituent of 
cuticle 











  0 0 








DN44508_c8_g1_i1 2.310 1.28E-03 AGG20312.1 peritrophin 
[Palaemon carinicauda] 














0     F:GO:0042302 F:structural 
constituent of 
cuticle 
DN43053_c3_g2_i1 2.262 1.28E-03 XP_018011799.1 
PREDICTED: S phase 
cyclin A-associated 
protein in the endoplasmic 
reticulum-like [Hyalella 
azteca] 
0     0 0 
DN42132_c14_g3_i1 2.226 5.00E-03 KMQ83546.1 transposase-
like protein [Lasius niger] 
0     0 0 
DN39280_c1_g1_i1 2.217 8.05E-03 XP_019771601.1 
PREDICTED: enhancer of 



















































































DN39757_c1_g1_i1 2.188 5.13E-03 CBG22733.1 northern 
shrimp nuclease [Pandalus 
borealis] 






















DN41289_c0_g1_i1 2.170 6.67E-03 XP_018026139.1 
PREDICTED: extensin-
like isoform X1 [Hyalella 
azteca] XP_018026140.1 
PREDICTED: extensin-
like isoform X2 [Hyalella 
azteca] 
0     F:GO:0042302 F:structural 
constituent of 
cuticle 
DN40460_c0_g1_i1 2.163 8.66E-03 AIZ03421.1 spatzle 
[Penaeus monodon] 
0     0 0 
DN37162_c6_g1_i1 2.131 7.21E-03 AEK86522.1 Spz1 
[Litopenaeus vannamei] 
0     0 0 
DN44517_c5_g1_i1 2.061 9.96E-04 ABI79454.2 alpha 2 
macroglobulin 
[Litopenaeus vannamei] 






















0     0 0 




0     0 0 
DN45424_c0_g1_i1 2.041 3.34E-03 XP_018025942.1 
PREDICTED: la-related 
protein 6-like [Hyalella 
azteca] 























0     0 0 
DN41959_c0_g2_i1 2.002 6.78E-03 XP_018011342.1 
PREDICTED: ankyrin 
repeat domain-containing 
protein 50-like [Hyalella 
azteca] 







DN41318_c0_g1_i2 1.994 1.01E-02 XP_003240981.1 
PREDICTED: skin 
0     F:GO:0042302 F:structural 
constituent of 
cuticle 
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secretory protein xP2-like 
[Acyrthosiphon pisum] 
DN40522_c1_g1_i2 1.974 7.71E-03 XP_018011510.1 
PREDICTED: regulator of 
G-protein signaling 2-like 
[Hyalella azteca] 
K16449   Not Included in 






DN43212_c11_g1_i1 1.969 7.72E-03 AJO70029.1 cytoglobin 2 
isoform Ci1 [Cherax 
cainii] AJO70030.1 
cytoglobin 2 isoform Ci2 
[Cherax cainii] 



























0     0 0 
DN43555_c13_g2_i1 1.839 1.12E-03 XP_018419419.1 
PREDICTED: hsc70-
interacting protein isoform 
X2 [Nanorana parkeri] 










DN44591_c15_g1_i1 1.822 1.09E-02 EAT46621.1 
AAEL002236-PA [Aedes 
aegypti] 
























DN41318_c0_g1_i1 1.821 3.65E-03 XP_025406143.1 cuticle 
protein 16.5-like [Sipha 
flava] 
0     F:GO:0042302 F:structural 
constituent of 
cuticle 


























DN33886_c2_g1_i1 1.735 8.05E-03 EFX70562.1 hypothetical 
protein 
DAPPUDRAFT_61224, 
partial [Daphnia pulex] 
0     F:GO:0042302 F:structural 
constituent of 
cuticle 




















DN42855_c5_g1_i1 1.685 5.04E-03 XP_018016854.1 
PREDICTED: mucin-17-
like [Hyalella azteca] 
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DN44393_c16_g1_i1 1.648 5.25E-03 XP_023964737.1 tigger 
transposable element-
derived protein 1-like 
[Chrysemys picta bellii] 
XP_008170509.2 tigger 
transposable element-
derived protein 1-like 
[Chrysemys picta bellii] 
0     0 0 




X1 [Hyalella azteca] 






















0     F:GO:0005515 F:protein 
binding 




X1 [Hyalella azteca] 





DN44664_c5_g1_i1 1.455 3.40E-03 KFD47056.1 hypothetical 
protein M513_12044 
[Trichuris suis] 
0     0 0 






































K00108 Amino acid 
metabolism- 









e activity, acting 
on CH-OH 












0     F:GO:0046983 F:protein 
dimerization 
activity 




0     F:GO:0005515 F:protein 
binding 











  F:GO:0008484 F:sulfuric ester 
hydrolase 
activity 





DN40848_c2_g2_i1 1.130 2.71E-03 ATW66457.1 hormone 
receptor, partial 
[Marsupenaeus japonicus] 



































0     F:GO:0005515 F:protein 
binding 





0     0 0 




K01754 Amino acid 
metabolism- 
Glycine, serine and 
threonine 
metabolism and 
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0     0 0 
DN43217_c11_g1_i1 0.875 5.17E-03 XP_018013070.1 
PREDICTED: RNA-
binding motif protein, X-
linked 2-like [Hyalella 
azteca] 




F:GO:0003676 F:nucleic acid 
binding 






















X2 [Hyalella azteca] 








DN42659_c3_g2_i1 0.676 6.94E-03 XP_008476053.1 
PREDICTED: 
transcription cofactor 
vestigial-like protein 4 
[Diaphorina citri] 
0     P:GO:0006355 P:regulation of 
transcription, 
DNA-templated 
         
16°C vs. 18°C: under-expressed, 
      
Transcript ID Log2FC Adjusted 
p-value 
Annotation KO KAAS Pathways BRITE 
Hierarchies 
GO IDs GO Names 
DN20024_c0_g1_i1 -3.622 4.01E-05 EJY80286.1 VSP domain 
containing protein 
0     0 0 
DESeq2  





DN39057_c0_g1_i1 -3.289 4.08E-04 CCW72337.1 unnamed 
protein product 
[Phytomonas sp. isolate 
Hart1] 
0     0 0 




sp. CBS 109695] 
0     0 0 






























  F:GO:0003824 F:catalytic 
activity 































acid cycle; F:4 
iron, 4 sulfur 
cluster binding 
DN37165_c1_g1_i1 -2.844 3.40E-03 XP_008297965.1 
PREDICTED: tenascin-
like [Stegastes partitus] 
0     0 0 
DN38763_c0_g1_i1 -2.699 1.25E-03 AWK77863.1 
nonstructural polyprotein 
[Renmark bee virus 3] 
0     0 0 
DN28403_c0_g1_i1 -2.678 6.65E-03 CDW85334.1 
UNKNOWN [Stylonychia 
lemnae] 
0     0 0 






















DN45017_c0_g1_i1 -2.579 9.17E-03 XP_004032518.1 
ubiquitin family protein, 
putative [Ichthyophthirius 
multifiliis] EGR30931.1 
ubiquitin family protein, 
putative [Ichthyophthirius 
multifiliis] 








DN41202_c4_g1_i1 -2.519 1.28E-08 XP_018015969.1 
PREDICTED: UNC93-
like protein MFSD11 
isoform X2 [Hyalella 
azteca] 
0     0 0 
DN42550_c5_g1_i1 -2.498 4.37E-04 PIK53963.1 hypothetical 
protein BSL78_09185 
[Apostichopus japonicus] 





















break repair via 
single-strand 
annealing 
DN41202_c4_g2_i1 -2.437 1.07E-03 XP_018015969.1 
PREDICTED: UNC93-
like protein MFSD11 
isoform X2 [Hyalella 
azteca] 
0     0 0 
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DN49675_c0_g1_i1 -2.410 1.46E-02 XP_001448381.1 
hypothetical protein 
[Paramecium tetraurelia 










































F:GO:0005509 F:calcium ion 
binding 
DN38312_c2_g1_i1 -2.335 2.25E-02 BAK03331.1 predicted 
protein [Hordeum vulgare 
subsp. vulgare] 




















































DN38763_c4_g1_i1 -2.295 2.41E-02 YP_009333533.1 
hypothetical protein 1 
[Beihai picorna-like virus 
46] APG78911.1 
hypothetical protein 1 
[Beihai picorna-like virus 
46] 
0     0 0 
DN44136_c16_g4_i1 -2.292 3.92E-03 YP_004563983.1 NADH 




dehydrogenase subunit 2 
(mitochondrion) 
[Homarus americanus] 
















DN35037_c2_g1_i1 -2.289 2.41E-02 XP_001012263.1 heat 
shock 70 kDa protein 
[Tetrahymena thermophila 
SB210] EAR92018.1 heat 
shock 70 kDa protein 
[Tetrahymena thermophila 
SB210] 









































DN17549_c0_g1_i1 -2.277 2.15E-02 XP_018258600.1 
hypothetical protein 
FOXG_22863 [Fusarium 




[Fusarium oxysporum f. 
sp. lycopersici 4287] 
0     0 0 
DN32452_c0_g1_i1 -2.253 2.91E-02 XP_001433506.1 
hypothetical protein 
[Paramecium tetraurelia 
strain d4-2] CAK66109.1 
unnamed protein product 
[Paramecium tetraurelia] 
























0     0 0 







DN38312_c1_g1_i1 -2.229 2.58E-02 BAK03331.1 predicted 
protein [Hordeum vulgare 
subsp. vulgare] 

















































DN48906_c0_g1_i1 -2.212 3.10E-02 XP_001454290.1 
hypothetical protein 
[Paramecium tetraurelia 
strain d4-2] CAK86893.1 
unnamed protein product 
[Paramecium tetraurelia] 































DN44614_c6_g1_i3 -2.140 7.57E-04 XP_015437916.1 
PREDICTED: myosin 
heavy chain, muscle 
isoform X4 [Dufourea 
novaeangliae]  



















DN38312_c0_g1_i1 -2.095 4.57E-02 BAK03331.1 predicted 
protein [Hordeum vulgare 
subsp. vulgare] 
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0     0 0 
DN44614_c6_g1_i2 -2.076 5.58E-04 XP_015437916.1 
PREDICTED: myosin 
heavy chain, muscle 
isoform X4 [Dufourea 
novaeangliae] 


































0     0 0 
DN33448_c0_g2_i1 -2.006 5.40E-02 BAK00005.1 predicted 
protein [Hordeum vulgare 
subsp. vulgare] 












DN30474_c0_g2_i2 -1.934 4.46E-03 AEC22817.1 hypothetical 
protein [Macrobrachium 
nipponense] 
0     0 0 
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DN43428_c5_g3_i1 -1.795 1.27E-02 XP_968467.1 
PREDICTED: 
hexosaminidase D isoform 
X1 [Tribolium castaneum] 
K14459 Glycan biosynhesis 
and metabolism- 












DN1641_c0_g4_i1 -1.676 5.30E-02 AFS60116.1 selenoprotein 
M [Penaeus monodon] 
0     0 0 




0     F:GO:0005525 F:GTP binding 
DN42033_c3_g1_i1 -1.459 1.73E-02 XP_015430000.1 
PREDICTED: LOW 
QUALITY PROTEIN: 
disco-interacting protein 2 
homolog A [Dufourea 
novaeangliae] 
0     F:GO:0003824 F:catalytic 
activity 
DN15357_c0_g1_i1 -1.381 3.60E-02 XP_022518617.1 zinc 
finger protein 239-like 
[Astyanax mexicanus] 








F:GO:0003676 F:nucleic acid 
binding 




K00432 Lipid metabolism- 
Arachidonic acid 
metabolism; 
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0     0 0 





0     F:GO:0005525 F:GTP binding 
















































DN42183_c0_g2_i1 -1.169 2.04E-02 XP_002189391.2 
PREDICTED: oxysterol-
binding protein-related 
protein 11 [Taeniopygia 
guttata] 
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acid metabolism- all 
categories within; 














e activity, acting 
on the aldehyde 
or oxo group of 

























Cell growth and 
death- Ferroptosis 
  0 0 





0     0 0 
DN40754_c0_g1_i1 -1.085 5.01E-02 XP_015413423.1 
PREDICTED: DNA 
mismatch repair protein 
Msh2 [Myotis davidii] 

























DN39759_c0_g1_i1 -1.043 1.26E-02 XP_013387891.1 ankyrin 
repeat domain-containing 
protein 10 isoform X3 
[Lingula anatina] 
0     F:GO:0005515 F:protein 
binding 
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0     0 0 
DN41283_c3_g1_i1 -1.011 4.64E-02 XP_023717986.1 rab-like 
protein 2A [Cryptotermes 
secundus] 














0     0 0 
DN43235_c9_g1_i1 -1.005 5.00E-03 AAH06165.3 
Minichromosome 
maintenance complex 
















growth and death- 
































DN41520_c3_g1_i1 -1.000 2.49E-02 XP_018010881.1 
PREDICTED: cyclin-Y-
like [Hyalella azteca] 
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DN43671_c15_g1_i1 -0.987 4.59E-02 AOE48155.1 hypothetical 
protein [Eumigus 
monticolus] 
0     0 0 




0     0 0 
DN41186_c0_g1_i1 -0.963 1.25E-02 ABI79454.2 alpha 2 
macroglobulin 
[Litopenaeus vannamei] 




















































DN43557_c0_g2_i1 -0.943 4.15E-02 XP_023716377.1 N-
acetyltransferase 9-like 













































lase, mitochondrial [Sipha 
flava] 
K13403 Metabolism of 
cofactors and 
vitamins- One 


































DN44611_c14_g1_i1 -0.913 3.67E-03 ATP62320.1 L-type lectin 
[Litopenaeus vannamei] 























0     C:GO:0016021 C:integral 
component of 
membrane 














, Phospholipase D, 
Sphingolipid, 
cAMP, PI3K-Akt, 
AMPL, and mTOR 
signaling pathways; 
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DN42366_c5_g1_i1 -0.890 8.05E-03 XP_018014164.1 
PREDICTED: bestrophin-
3-like [Hyalella azteca] 





DN42829_c8_g1_i1 -0.872 3.67E-02 XP_015432876.1 
PREDICTED: importin-7 
[Dufourea novaeangliae] 



















rase isoform X5 [Lingula 
anatina] 






















DN1715_c0_g1_i1 -0.861 1.02E-02 ABG82044.1 ALG-2 
interacting protein x 
[Penaeus monodon] 














DN44089_c13_g1_i1 -0.841 1.85E-02 PSN46105.1 hypothetical 
protein C0J52_02270 
[Blattella germanica] 
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DN44572_c9_g1_i1 -0.840 5.22E-02 XP_014282719.1 sestrin 
homolog isoform X5 
[Halyomorpha halys] 
K10141 Cell growth and 












DN43411_c19_g1_i1 -0.836 1.86E-02 XP_023705243.1 RNA 
pseudouridylate synthase 
domain-containing protein 














































0     0 0 
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DN43609_c11_g2_i2 -0.794 3.04E-02 XP_018024815.1 
PREDICTED: uridine 5'-
monophosphate synthase-





































DN44503_c3_g1_i1 -0.791 1.50E-02 KZS19314.1 Peroxisomal 
N-acetyl-
spermine/spermidine 
oxidase [Daphnia magna] 











DN42525_c5_g1_i1 -0.783 2.55E-02 XP_015352751.1 
PREDICTED: importin-




11 isoform X1 [Marmota 
marmota marmota] 

















































SET and MYND domain-
containing protein 3 
[Zootermopsis 
nevadensis] 
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DN43282_c8_g2_i1 -0.692 4.84E-02 ACD13595.1 mitotic 
checkpoint protein 
[Penaeus monodon] 
K02180 Cell growth and 
death- Cell cycle, 





















































  F:GO:0004423 F:iduronate-2-
sulfatase activity 
DN43172_c9_g1_i1 -0.685 2.90E-02 ATU31747.1 Calcium-
activated chloride channel 
regulator 2, partial 
[Procambarus clarkii] 
0     0 0 
DN43319_c2_g2_i1 -0.680 2.23E-02 XP_003397184.1 
calcium/calmodulin-
dependent protein kinase 
type 1 isoform X2 
[Bombus terrestris] 
XP_003488206.1 















dependent protein kinase 








like [Hyalella azteca] 










































DN42664_c6_g1_i1 -0.676 2.24E-02 XP_018013390.1 
PREDICTED: RNA 
polymerase II-associated 
protein 1-like [Hyalella 
azteca] 








DN43340_c9_g1_i1 -0.669 4.63E-02 XP_015604384.1 ADP-
ribosylation factor-binding 
protein GGA1 isoform X2 
[Cephus cinctus] 
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DN43843_c13_g1_i1 -0.659 4.61E-02 XP_015354902.1 
PREDICTED: 
myotubularin-related 
protein 9 [Marmota 
marmota marmota] 





DN41791_c0_g1_i1 -0.659 3.90E-02 XP_023333559.1 SET and 
MYND domain-
containing protein 4-like 
[Eurytemora affinis] 
0     F:GO:0005515 F:protein 
binding 
DN42705_c11_g1_i1 -0.611 2.32E-02 XP_003699563.1 
PREDICTED: 
transcription initiation 
factor IIA subunit 2 
[Megachile rotundata] 




















DN43142_c9_g1_i1 -0.584 1.56E-02 XP_022249137.1 
sphingomyelin 
phosphodiesterase 4-like 
isoform X2 [Limulus 
polyphemus] 
K12353 Lipid metabolism- 
Sphingolipid 
metabolism 
  F:GO:0050290 F:sphingomyelin 
phosphodiestera
se D activity 
DN40556_c1_g1_i1 -0.551 4.68E-02 XP_015429929.1 
PREDICTED: ubiquitin 
carboxyl-terminal 
hydrolase 14 [Dufourea 
novaeangliae] 
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DN42011_c22_g1_i1 -0.544 3.59E-02 XP_023706027.1 
transmembrane protein 11 
homolog, mitochondrial 
[Cryptotermes secundus] 









DN43605_c6_g1_i1 -0.520 1.75E-02 EFX78317.1 GST-N-
Metaxin-like protein 
[Daphnia pulex] 
0     0 0 
DN44386_c20_g1_i1 -0. 511 2.72E-02 XP_013191358.1 
PREDICTED: vacuolar-
sorting protein SNF8 
[Amyelois transitella] 




















DN43586_c8_g1_i1 -0.494 3.18E-02 XP_017889657.1 
PREDICTED: U1 small 
nuclear ribonucleoprotein 
A [Ceratina calcarata] 
0     F:GO:0003676 F:nucleic acid 
binding 
         
18°C vs. 22°C: over-expressed, DESeq2 
      
Transcript ID Log2FC Adjusted 
p-value 
Annotation KO KAAS Pathways BRITE 
Hierarchies 
GO IDs GO Names 




0     0 0 
DN39057_c0_g1_i1 3.170 2.67E-03 CCW72337.1 unnamed 
protein product 
0     0 0 
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[Phytomonas sp. isolate 
Hart1] 
DN37165_c1_g1_i1 3.164 2.67E-03 XP_008297965.1 
PREDICTED: tenascin-
like [Stegastes partitus] 
0     0 0 




sp. CBS 109695] 
0     0 0 





0     0 0 
DN40801_c1_g1_i1 2.732 2.17E-02 CDW75723.1 
UNKNOWN [Stylonychia 
lemnae] 
0     0 0 
DN45017_c0_g1_i1 2.698 2.74E-02 XP_004032518.1 
ubiquitin family protein, 
putative [Ichthyophthirius 
multifiliis] EGR30931.1 
ubiquitin family protein, 
putative [Ichthyophthirius 
multifiliis] 






























DN32452_c0_g1_i1 2.546 4.46E-02 XP_001433506.1 
hypothetical protein 
[Paramecium tetraurelia 
strain d4-2] CAK66109.1 
unnamed protein product 
[Paramecium tetraurelia] 


















DN48553_c0_g1_i1 2.494 4.46E-02 AVD68958.1 obstructor F 
[Cherax quadricarinatus] 










DN17549_c0_g1_i1 2.478 4.68E-02 XP_018258600.1 
hypothetical protein 
FOXG_22863 [Fusarium 




[Fusarium oxysporum f. 
sp. lycopersici 4287] 
0     0 0 
DN30852_c0_g1_i1 2.355 4.02E-03 XP_003436050.1 
AGAP002186-PB 
[Anopheles gambiae str. 
PEST] EGK96211.1 
AGAP002186-PB 












Table A.1. continued 
200 
 
[Anopheles gambiae str. 
PEST] 








0     F:GO:0005515 F:protein 
binding 














DN42329_c8_g1_i1 1.988 4.46E-02 XP_018013994.1 
PREDICTED: spondin-2-
like [Hyalella azteca] 
0     0 0 






















         
 
 
      




18°C vs. 22°C: under-expressed,  
Transcript ID Log2FC Adjusted 
p-value 
Annotation KO KAAS Pathways BRITE 
Hierarchies 
GO IDs GO Names 
DN44253_c4_g1_i2 -3.143 2.85E-03 P84293.1 RecName: 
Full=Hemocyanin subunit 
2; AltName: Full=CaeSS2 














  0 0 















DN44253_c4_g1_i1 -3.049 4.33E-03 Q6KF81.1 RecName: 
Full=Pseudohemocyanin-




0     0 0 
DESeq2 
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Valine, leucine and 
isoleucine 
degradation; 














DN44464_c1_g2_i1 -2.505 4.46E-02 XP_018021257.1 
PREDICTED: ubiquitin-
conjugating enzyme E2 
Q2-like [Hyalella azteca] 











DN44105_c8_g1_i2 -2.455 2.74E-02 ATU31745.1 calpain-B-
like protein, partial 
[Procambarus clarkii] 















DN37507_c2_g1_i1 -2.423 3.82E-02 XP_015840144.1 
PREDICTED: RNA-
directed DNA polymerase 
from mobile element 
jockey-like, partial 
[Tribolium castaneum] 
0     0 0 
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DN42874_c10_g1_i1 -2.344 2.76E-03 ABW77320.1 clottable 
protein 2 [Penaeus 
monodon] 







DN44302_c1_g5_i1 -1.710 7.90E-04 XP_006816303.1 
PREDICTED: VWFA and 
cache domain-containing 
protein 1-like, partial 
[Saccoglossus 
kowalevskii] 
0     0 0 




X1 [Hyalella azteca] 
0     0 0 
DN44302_c1_g4_i1 -1.566 3.73E-02 XP_013390170.1 VWFA 
and cache domain-
containing protein 1-like 
[Lingula anatina] 
0     0 0 
DN41941_c1_g1_i1 -1.524 5.03E-02 XP_018026550.1 
PREDICTED: phytanoyl-
CoA dioxygenase domain-
containing protein 1 
homolog [Hyalella azteca] 
0     0 0 









0     0 0 
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DN40922_c0_g1_i1 -1.337 1.91E-03 XP_018015412.1 
PREDICTED: organic 
cation transporter protein-
like [Hyalella azteca] 

















DN43449_c21_g1_i1 -0.990 4.74E-02 XP_020605164.1 calcium-
responsive transcription 
factor-like isoform X1 
[Orbicella faveolata] 
0     0 0 




X3 [Hyalella azteca] 
0     0 0 
DN42618_c14_g1_i1 -0.573 7.75E-03 XP_012339503.1 
PREDICTED: C-Myc-
binding protein isoform 
X3 [Apis florea] 
XP_016769903.1 
PREDICTED: C-Myc-
binding protein isoform 
X4 [Apis mellifera] 
XP_016919615.1 
PREDICTED: C-Myc-
binding protein isoform 
X3 [Apis cerana] 
XP_016919616.1 
PREDICTED: C-Myc-
binding protein isoform 
X3 [Apis cerana] 
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